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ABSTRACT Cellular stress can globally inhibit translation initiation, and glucose removal from
yeast causes one of the most dramatic effects in terms of rapidity and scale. Here we show
that the same rapid inhibition occurs during yeast growth as glucose levels diminish. We
characterize this novel regulation showing that it involves alterations within the 48S preinitia-
tion complex. In particular, the interaction between elF4A and elF4G is destabilized, leading
to a temporary stabilization of the elF3-elFAG interaction on the 48S complex. Under such
conditions, specific mMRNAs that are important for the adaptation to the new conditions must
continue to be translated. We have determined which mRNAs remain translated early after
glucose starvation. These experiments enable us to provide a physiological context for this
translational regulation by ascribing defined functions that are translationally maintained or
up-regulated. Overrepresented in this class of mMRNA are those involved in carbohydrate
metabolism, including several mRNAs from the pentose phosphate pathway. Our data sup-
port a hypothesis that a concerted preemptive activation of the pentose phosphate pathway,
which targets both mRNA transcription and translation, is important for the transition from
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fermentative to respiratory growth in yeast.

INTRODUCTION
The bulk biosynthesis of proteins represents one of the most en-
ergy-demanding activities in cells. For instance, recent estimates
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suggest that as many as 13,000 proteins are produced per second
in each actively growing yeast cell (von der Haar, 2008). This rate
balances protein degradation and allows for high rates of cell divi-
sion. On the basis of this alone, it is apparent that, in response to
stress conditions, cells would need to dramatically attenuate protein
synthesis to maintain energy reserves and instigate a stress-specific
gene expression program. Indeed, a variety of cellular stresses have
been shown to rapidly induce a global inhibition of protein synthesis
at the level of translation initiation (Holmes et al., 2004; Spriggs
et al., 2010).

Eukaryotic translation initiation is an intricate process involving
many multisubunit protein and ribonucleoprotein complexes
(Jackson et al., 2010). For instance, a closed-loop complex forms on
the mRNA (Wells et al., 1998). In this complex elF4E interacts with
the 5" mRNA cap structure along with a molecular scaffold protein,
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elF4G, and the elF4A ATP-dependent RNA helicase: Pab1p inter-
acts both with the mRNA 3’ poly(A) tail and with elF4G. In addition,
a 43S complex forms via the interaction of a host of translation ini-
tiation factors with the small ribosomal (40S) subunit (Pestova et al.,
2007). One such factor, elF2, when bound to guanosine-5'-triphos-
phate (GTP), recruits the initiator methionyl-tRNA to form the ter-
nary complex (elF2.GTP Met-tRNA), which interacts with the 40S
ribosomal subunit.

The selection of an mRNA from a competitive pool for transla-
tion relies on the interaction of the closed loop MRNP complex with
the 43S complex to form the 48S preinitiation complex. Formation
of the 48S complex requires protein—protein interactions between
components of the closed loop and 43S complexes. In mammalian
cells, elF4G in the closed loop complex interacts with the e subunit
of elF3 on the 43S complex (LeFebvre et al., 2006). In yeast, how-
ever, an interaction between elF3 and elF4G has not been observed,
and interactions between elF4G and other components of the 43S
complex, such as elF1 and elF5, are thought to promote 48S com-
plex formation (He et al., 2003). Following formation of the 48S
complex, a linear scanning process occurs that culminates in the
recognition of the first downstream mRNA start codon. Upon start
codon recognition, the GTP on elF2 becomes hydrolyzed to guanos-
ine diphosphate (GDP). This hydrolysis promotes global conforma-
tional changes and the loss of many translation initiation factors al-
lowing the joining of the 60S ribosomal subunit (Jackson et al.,
2010). After translation initiation, elF2 is left in a GDP-bound form.
elF2B is a heteropentameric guanine nucleotide exchange factor
that is responsible for recycling elF2 from a GDP-bound form
back to the GTP-bound form. Therefore, elF2B replenishes the
translationally active form of elF2 to directly facilitate the formation
of ternary complex (Pavitt, 2005).

Highly conserved mechanisms allow eukaryotic cells to globally
reduce the level of protein synthesis (Jackson et al., 2010). One of
the more prominent examples involves elF2o kinases (Wek et al.,
2006). Activation of these kinases in response to environmental or
intracellular cues causes phosphorylation of the o subunit of the eu-
karyotic translation initiation factor elF2. Phosphorylated elF2 serves
as an inhibitor of the elF2B-mediated guanine nucleotide exchange
reaction leading to reduced rates of translation initiation. Specific
examples of MRNAs that are immune to this regulation have been
characterized.

The established example of such an mRNA is GCN4 in yeast
which is activated under stress conditions, such as amino acid star-
vation (Hinnebusch, 2005). Such stress conditions activate the sole
Saccharomyces cerevisaie elF2o. kinase, Gen2p, to phosphorylate
elF2a, which reduces elF2B activity leading to reduced ternary
complex (elF2.GTP Met-tRNA) levels. Under these stress condi-
tions, GCN4 mRNA is translationally activated by virtue of four up-
stream open reading frames (UORFs) and a complex reinitiation
mechanism. Following translation of the first uORF in the GCN4
mRNA, an unusual translation termination event occurs where,
rather than dissociating, the translating ribosome resumes a form of
ribosomal scanning. Before reinitiation can occur, however, the ribo-
some must reacquire the initiator methionyl-tRNA in the form of the
ternary complex. Therefore, under nonstress conditions where ter-
nary complex levels are high, the ribosome reacquires the ternary
complex rapidly to reinitiate at one of the other three uORFs. More
typical termination events, particularly at uORF4, then lead to ribo-
some dissociation. However, under stress conditions, ternary com-
plex can be reacquired after the ribosome has passed the uORFs
and hence translation of the GCN4 ORF increases. The same basic
mechanism is thought to activate the ATF4 mRNA in mammalian
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cells in response to a variety of stresses (Wek et al., 2006). Yeast
GCN4 mRNA translation can also be activated under conditions that
regulate elF2B activity in mechanisms that are independent of elF2a.
phosphorylation. For instance, both fusel alcohols and volatile anes-
thetics cause up-regulation of GCN4 translation by inhibiting elF2B
in S. cerevisiae (Ashe et al., 2001; Palmer et al., 2005).

Targeting of the mRNA closed loop complex is another con-
served mechanism by which translation initiation is regulated at
both global and mRNA-specific levels. For instance, a series of elF4E
binding proteins (4E-BPs) have been described that can compete
with elF4G in terms of elFAE binding. These proteins can globally
regulate protein synthesis in a manner that is responsive to altera-
tions in phosphorylation status, as in the case of 4E-BP1, or they can
be targeted to specific mMRNAs via RNA binding protein interac-
tions, as in the case of Drosophila Cup and Xenopus Maskin (Richter
and Sonenberg, 2005). S. cerevisiae harbors two 4E-BPs, Caf20p
and Eap1p, which appear to target different sets of mRNA to impact
pseudohyphal growth (Ibrahimo et al., 2006). Recently it has been
proposed that differential binding to the various Puf proteins may
explain some of the mRNA-specific effects of the S. cerevisiae 4E-
BPs (Cridge et al., 2010); however, global controls that rely on these
4E-BPs have also been described. For instance, Eap1p is involved in
global mechanisms targeting translation initiation as a consequence
of membrane or oxidative stress (Deloche et al., 2004; Mascarenhas
et al., 2008).

Of the stresses studied that target translation initiation in the
yeast S. cerevisiae, glucose depletion causes the most dramatic in-
hibitory effect, in terms of both rapidity and scale of the reduction in
protein production (Holmes et al., 2004). Glucose serves as a pri-
mary source of energy for most organisms, from bacteria to humans,
and it is the favored carbon source for S. cerevisiae, as well as a va-
riety of tissues/cell types in humans (e.g., brain, reticulocytes, and
skeletal muscle). In yeast, as well as causing a global reduction in
protein synthesis, glucose depletion leads to a derepression of the
glucose repression pathway, which is a major system for controlling
yeast carbohydrate metabolism. Indeed ~30% of yeast genes, which
function in alternative carbohydrate metabolism and respiration, are
transcriptionally repressed in glucose-replete conditions but be-
come derepressed after glucose depletion (DeRisi et al., 1997). The
pathways controlling this global transcriptional switch are well-char-
acterized (Rolland et al., 2002), but do not appear to play a major
role in the inhibition of protein synthesis (Ashe et al., 2000; Lui et al.,
2010). Indeed, the shutdown of protein production is somewhat at
odds with the transcriptional derepression. One possible rationale is
that the reduction in protein synthesis serves as an interlude during
which existing mRNAs/proteins are degraded, to facilitate a subse-
quent transcriptional switch in gene expression profile. Moreover,
specialized mechanisms might exist to allow the translational main-
tenance of specific MRNAs that are required for adaptation to the
stress.

In this study, we further characterize the stage of protein syn-
thesis that is inhibited following glucose starvation. We provide
evidence for loss of the elF4A translation factor and stabilized
protein—protein interactions within the 48S complex; this evi-
dence points to translational inhibition at a step after 48S com-
plex formation. We use microarray analyses to provide detailed
quantitative and reproducible comparisons of the levels of cellu-
lar mRNAs and their translational status following glucose deple-
tion. In particular, we focus on the regulation of the pentose phos-
phate pathway and the onset of respiration many hours after
glucose depletion as important processes that may be regulated
at the translational level.

Molecular Biology of the Cell



8h

C

”M“J”“Y’SJW AYJLWJPD YPU

2%D 0.7%D 0.5%D 0.1%D

A B
808
o 8
w0s L6
P Yeos s ||60s
‘i — ¥ 1.4
W/‘%% ¢ 10h 54h

—_
Z
3
12
8 ~
o 10 Q
ag! 8
e -
—
L] 6 O
.t

2

R B R S R R VR VR TR Y

Growth time (h)

FIGURE 1: A defined decrease in glucose concentration causes translational inhibition. (A) Polysome traces from the
growth analysis presented in B for the yMK36 strain grown in YPD and sampled at various time points. Polysomes were
analyzed as described in Materials and Methods. The 40S (small ribosomal subunit), 60S (large ribosomal subunit),

80S (monosome), and polysome peaks are labeled. (B) Growth curve derived from three biological replicate cultures of
S. cerevisiae over a 24-h period (OD4g), showing utilization of glucose in % (wt/vol). For these growth curves, three
single colonies were each grown simultaneously under identical nutritional and growth conditions. (C) Polysome profiles
from the yMK36 strain switched into media containing different glucose concentrations (2%, 0.7%, 0.5%, and

0.1% [wt/vol] glucose) for 10 min.

RESULTS

Translational inhibition at a defined point in the depletion

of glucose during batch culture

Previously, we have observed the inhibition of translation initiation
following the rapid depletion of glucose from yeast media (Ashe
et al., 2000; Holmes et al., 2004). To ascertain whether a similar
inhibition is observed following the gradual glucose exhaustion
over the period of a batch culture, polysome analysis was per-
formed at various stages of a culture’s growth on rich glucose-con-
taining media. As anticipated, the concentration of glucose in the
media decreases with culture growth (Figure 1B). Polysome pro-
files indicative of highly active protein synthesis were observed
when glucose levels decreased to 1% (wt/vol). Interestingly, when
glucose levels decreased beyond 0.6% (wt/vol), an inhibition of
translation initiation was observed as indicated by a decrease in
polysome peaks and a subsequent increase in the 80S monosome
peak (Figure 1A).

The impact of diminishing glucose levels below 0.6% (wt/vol) on
translation initiation in batch culture might be a direct result of the
decrease in glucose concentration, or it is plausible that increased
cell density or the accumulation of waste products may play a role.
To distinguish between these possibilities, yeast cells were grown
to the mid-exponential phase and washed for 10 min in YP me-
dium containing various concentrations of glucose (2.0, 0.7, 0.5,
and 0.1% wt/vol). As shown in Figure 1C, the cells continued trans-
lating in the presence of 2.0 and 0.7% (wt/vol) glucose; however,
translation became inhibited when cells were exposed to medium
containing glucose levels of 0.5% (wt/vol) or lower. Therefore it
appears there is a finite concentration of glucose that is required
in a yeast batch culture to maintain protein synthesis and that this
concentration is surprisingly high. This finding implies that protein
synthesis is specifically attenuated at a stage in culture growth
when there is still sufficient glucose available for another cycle of
cell division, but it is likely that this will then be depleted. These
results suggest that the inhibition of translation represents a pre-
emptive conservation of cellular resources in preparation for the
global shift in metabolism that occurs during diauxie.
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Translational inhibition does not rely on elF2B inhibition

or 4E-BP activation

In previous studies, we have suggested that the inhibition of transla-
tion initiation caused by glucose starvation is the result of a novel
regulatory mechanism (Ashe et al., 2000; Holmes et al., 2004). After
extended periods of glucose starvation (several hours), however, ac-
tivation of Gendp translation is observed (Yang et al., 2000). In addi-
tion, more recently after 20-30 min of glucose depletion, a decrease
in elF20. phosphorylation has been observed (Cherkasova et al.,
2010). Finally, in higher cells, glucose regulates protein synthesis via
effects on the level of phosphorylated elF2c. (Scheuner et al., 2001;
Gomez et al., 2004). To investigate this possible mechanism in more
detail with regard to the glucose-dependent translational regulation
in yeast, we instigated a series of experiments to evaluate elF20
phosphorylation and its consequences. Following glucose deple-
tion, evidence of polysome run-off is first observable after 1 min,
and after 5-10 min this run-off is complete (Ashe et al., 2000). There-
fore we investigated elF2a phosphate levels 10 min after glucose
starvation and compared this to other stress conditions (Figure 2A).
Consistent with our previous results, we found that, in contrast to
other stresses such as amino acid starvation and rapamycin treat-
ment, glucose starvation does not rapidly induce increased levels of
phosphorylated elF2o.. This finding agrees with those of genetic
studies in which the inhibition of translation caused by glucose star-
vation was still evident in mutants of this pathway (Ashe et al., 2000).
After 20-30 min it is clear from our previous work, and that of others,
that elF2o. is dephosphorylated (Hoyle et al., 2007; Cherkasova
et al., 2010). This dephosphorylation may represent a consequence
of the inhibition of translation or may be involved in translational
reprogramming. Overall, these results show that glucose starvation
does not bring about the global reduction in protein synthesis by
regulating elF2B activity in a manner that is dependent on changes
in elF2a: phosphorylation.

We have also shown that elF2B activity can be inhibited inde-
pendently of elF2a phosphorylation in response to fusel alcohols
(Taylor et al., 2010). A hallmark of elF2B-dependent translation
controls in yeast is the translational activation of the GCN4 mRNA.
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FIGURE 2: Inhibition of translation initiation following glucose starvation does not occur
through previously identified mechanisms. (A) Western blots from the yMK36 strains following
growth in SCD. Cells were pelleted and resuspended in complete media (C), media lacking
amino acids (-Aas), or media lacking glucose (-glucose) for 10 min. The protein sample sets
were loaded in duplicate and blotted, and the blots were split and probed separately with
antibodies to elF20. and phosphospecific antibodies to phosphoserine 51 on elF2o.

(B) B-Galactosidase assays measured in Miller units from extracts prepared from strain yMK926
(bearing a GCN4-lacZ reporter). Strains were grown in SCD medium, pelleted, then transferred
for 1 h to complete SCD medium under a range of conditions: C (complete media), ~AAs
(media lacking amino acids), —glucose (media lacking glucose), +but (media with 1% [vol/vol]
1-butanol), and +rap (medium with 0.2 pg/ml rapamycin). Error bars represent the SD from three
independent experiments. (C) Polysome profiles from the yMK1750 (BY4741-derived wild type),
YMK1751 (caf20A), yMK1752 (eap1A), and yMK1752 (caf20A eap1A) strains. Strains were
pelleted and switched into either complete medium or medium lacking glucose for 10 min.

A standard method to evaluate the translational regulation of
GCN4 is the use of an integrated GCN4-lacZ reporter in which
the promoter and 5' untranslated region (UTR) of GCN4 have
been fused to the gene for B-galactosidase (Dever, 1997). Using
this approach, we discovered that, even though amino acid star-
vation, rapamycin treatment, and butanol addition all caused an
increase in GCN4 translation, glucose depletion led to little or no
change (Figure 2B). Thus it seems highly unlikely that glucose
depletion impacts translation initiation via effects at the level of
elF2B.

It has also been shown that the 4E-BPs can play a role in the
regulation of translation initiation in yeast in response to specific
forms of oxidative and membrane stress (Deloche et al., 2004;
Mascarenhas et al., 2008). In addition, it is known that the PAS ki-
nases, Psk1p and Psk2p, which have roles in the regulation of glu-
cose utilization, can phosphorylate the yeast 4E-BP, Caf20p (Rutter
et al., 2002). To conclusively determine whether either of the yeast
4E-BPs plays a role in the translation inhibition elicited by glucose
depletion, strains bearing deletions in the CAF20 and EAP1 genes
were evaluated for alterations in the inhibitory response. Both the
single and double mutant strains exhibited the same dramatic al-
teration in polysome profile that is observed in the wild-type strain
(Figure 2C). Thus it is unlikely that either of the yeast 4E-BPs plays
a role in this translation inhibition. Furthermore, we previously
showed no difference in the levels of elF4G that are associated
with elF4E, no difference in the capacity of elF4E to bind to a cap
affinity column, and no difference in the capacity of elF4G and
Pab1p to be purified on a poly(A) affinity column (Hoyle et al.,
2007). This finding suggests that the closed loop complex and the
interactions required for its formation are not targeted as part of a
response to glucose starvation.
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Alterations within the 48S preinitiation
complex following glucose starvation
To investigate individual factors and com-
plexes in the initiation pathway during the
glucose starvation response, we undertook
a tandem affinity purification (TAP) strategy.
As part of this work, we noticed some strik-
ing changes in translation factor copurifica-
tions within the 48S preinitiation complex
that were dependent on glucose starvation.
For example, following affinity purification
of the elF3 complex via the elF3b subunit,
we observed a substantial increase in the
levels of elFAG and Pablp copurifying
with elF3 10 min after glucose starvation
(Figure 3A, elF3b-TAP). Similarly, the recip-
rocal elFAG-TAP showed the same result
with higher levels of copurifying elF3 appar-
ent after a 10-min glucose starvation
(Figure 3A, elFAG-TAP). This result was par-
ticularly surprising, because neither elF4G
or the other mRNA-binding translation initi-
ation factors, elFAE and Pab1p, immunopu-
rify with elF3 or vice versa (He et al., 2003).
In contrast, in the mammalian system, an
elF3e-elF4G interaction is viewed as para-
mount to the recruitment of the 43S com-
plex to mRNA (LeFebvre et al., 2006). To
confirm that an interaction between the
closed loop complex and a component of
the 43S complex is stabilized as part of the
translation inhibition elicited by glucose starvation in yeast, we also
tested copurification of elF3 with Pab1p. As with the elF4G purifica-
tion, we observed greater levels of elF3 interaction with Pab1p after
glucose starvation (Figure 3A, Pab1p-TAP).

Previously, we have shown that elF4E, elF4G, and Pab1p in as-
sociation with mRNA relocate to processing (P) bodies and other
bodies termed “EGP-bodies” following glucose starvation (Hoyle
et al., 2007). The increased stabilization of elF3 with elF4G, elF4E,
and Pab1p described earlier in the text is potentially at odds with
these observations, as the closed loop complex would not be free
to relocate to these cytoplasmic bodies. Relocalization of the closed
loop complex first occurs many minutes after glucose starvation,
however (Hoyle et al., 2007; Buchan et al., 2008). On this basis we
repeated the affinity purifications both at 10 and 30 min after glu-
cose depletion. Intriguingly, the increased levels of elF3 copurifica-
tion with the closed loop complex that are observed at the 10-min
time point are no longer observed 30 min after glucose starvation
(Figure 3B). These observations suggest that glucose starvation
causes a transient buildup of complexes containing elF4E, elF4G,
Pab1p, and elF3, yet at later times, this complex has decayed, leav-
ing the closed loop complex free to relocalize to cytoplasmic gran-
ules. The simplest interpretation of these results is that a step down-
stream of 48S complex formation is inhibited, leading to a transient
accumulation of the 48S complex.

An analysis of cosedimentation of translation initiation factors
across sucrose gradients lends further support to this interpreta-
tion. After a 10-min glucose starvation, elF4G and Pab1p accumu-
late in the 40S fraction along with elF3 (Figure 3D). After longer
periods of glucose starvation, however, in results consistent with
those of our previous studies (Hoyle et al., 2007), elF4G and Pab1p
are largely found separate from the 40S peak, with a substantial
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FIGURE 3: Investigation of translation initiation complexes suggests that a stalling of the initiation machinery results in
the inhibition observed following glucose starvation. (A) Western blots on affinity purifications of complexes from
whole-cell extracts prepared from cells that had been either glucose starved or unstarved of glucose for 10 min. The
yMK1338 (PRT1-TAP [elF3b]), yMK1316 (TIF4631-TAP [elF4G1]), and yMK1342 (PAB1-TAP) strains were used, and the
resulting Western blots were probed with aCBP (detects the calmodulin binding peptide part of the TAP tag), oelF4G1,
oelF3a, 0elF4G, and oPab1p. The images presented derive from the same blot, as the blot was cut into slices, and each
slice probed separately with the various different antibodies or reprobed. (B) As in A, except two different starvation
time points were analyzed: 10 and 30 min for the strains yMK1338 (PRT1-TAP [elF3b]) and yMK1342 (PAB1-TAP). o. elF3i
and o elF3g antibodies were used to detect elF3. (C) As in B, except strains yMK1341 (TIF1-TAP [elF4A]) and yMK1316
(TIF4631-TAP [elFAG1]) were used, and the Western blots were probed with aelF4A and 0elF4G1 antibodies.

(D) Sucrose density gradient analysis of extracts from yeast grown in YPD and resuspended in either YPD (+glucose) or
YP (-glucose) for 10 or 30 min then formaldehyde treated. Fractions were analyzed by SDS-PAGE and immunoblotting
using antibodies raised against the proteins specified adjacent to each panel.

accumulation at the top of the gradient. Therefore it seems that the
block in translation initiation causes a transient buildup of the 48S
complex and the most likely inhibited steps that might result in this

however, we have found little evidence for changes in the global
phosphorylation status of these factors following glucose starvation
(unpublished data). Overall, the buildup of the 48S complex and the

are the scanning or AUG recognition steps.

Glucose starvation destabilizes the elF4A-elF4G complex

In addition to changes at the level of elF3 binding to elF4G, we
observed alterations to the amount of elF4A bound to elFAG. In this
case, glucose starvation causes a clear reduction in the level of the
elF4G-elF4A complex; a reduction that is sustained at both the 10-
and 30-min time points (Figure 3C). This reduced association is fur-
ther corroborated by studies on the level of cosedimentation of
elF4A with ribosome-containing fractions across a polysome gradi-
ent (Figure 3D). It seems likely that either the elF4G or elF4A sub-
units are posttranslationally modified to bring about this alteration;
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reduced elF4G-elF4A interaction will likely play key roles in the
mechanism of glucose-dependent translation regulation in yeast
(see Discussion for more details). Other alterations to the translation
machinery that have been observed as a result of glucose starvation,
such as altered phosphorylation of various factors including elF2o
and Caf20p, may well play a role in sustained translation of particu-
lar mRNAs during the global shutdown.

Microarray analysis reveals a global change in gene
expression following glucose starvation

Previously, we and others have identified mRNAs that exhibit
sustained translation under stress conditions, using a polysomal
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microarray strategy (Smirnova et al., 2005; Shenton et al., 2006;
Melamed and Arava, 2007). Polysomal microarray analysis allows
the study of global changes in protein synthesis. In brief, mRNAs are
fractionated on the basis of how actively they are translated via poly-
some analysis, and these mRNA fractions are processed and ap-
plied to microarrays. In pioneering early studies, this approach was
taken to investigate a switch in carbon source from glucose to glyc-
erol/ethanol (Kuhn et al., 2001). Relatively few mRNAs, however,
were identified as differentially translated between the stressed and
unstressed samples. Therefore, we extended this early analysis and
made use of the greater quantitative range of more contemporary
microarray systems to explore whether further mRNAs continue to
be translated during the global shutdown observed during glucose
starvation.

Cell extracts were made from exponential yeast cultures that were
incubated for 10 min in media with or without glucose. These condi-
tions led to the anticipated alteration in polysome profile with the
starved culture exhibiting profound polysomal run-off (Figure 4A).
From triplicate experiments individual monosomal or polysomal
fractions were prepared, as described previously (Smirnova et al.,
2005). RNA was extracted from these fractions and, along with to-
tal RNA samples, each sample/fraction was processed into cRNA
and subsequently hybridized to the Yeast Genome 2.0 array. Stan-
dard MA plots (allowing the comparison of individual microarray
data sets) (Supplemental Figures 1-3) and statistical analysis of
variance tests (unpublished data) indicated that there was only
modest dispersal between biological replicate samples, confirm-
ing that the arrays are highly reliable reporters of relative transcript
abundance in our samples. As anticipated, a tight cluster of data
points was observed when biological replicate preparations of the
total, polysome, or monosome fractions were compared. In con-
trast, comparison between the total, monosomal, and polysomal
RNA samples reveals a broader spread of data points (Supplemen-
tal Figures 1-3).

Data were processed as described in Materials and Methods to
generate two parameters, the change in transcript level and the
change in translation state. A data set was accrued with mRNAs that
are significantly up- or down-regulated at the transcript level and/or
the translation level following glucose starvation. At the transcript
level a total of 774 mRNAs were altered, >2-fold (444 up and 317
down). A total of 1005 mRNAs significantly changed translationally
following glucose starvation, >1.9-fold (256 up and 749 down). To
provide a more robust statistical set of regulated genes, significance
analysis of microarrays (p < 0.001 and g < 0.05) was applied to the
data. By definition, this analysis will significant reduce the level of
false positives within the data set providing a core of regulated
genes for further bioinformatics analysis. It is important to note,
however, that the application of this false discovery rate via the gq
value cut-off will mean that regulated transcripts may well have been
omitted at this point. This regulated data set amounts to a total of
688 mRNAs that were significantly altered, >2-fold (390 up and
298 down) at the transcript level, and a total of 226 mRNAs that are
significantly changed translationally following glucose starvation,
>1.9-fold (81 up and 145 down).

In response to stresses such as amino acid starvation, rapamycin
treatment, and heat shock, a specific subset of genes is coregulated
at both the transcriptional and translational level. This concept has
been termed “potentiation” (Preiss et al., 2003; Smirnova et al.,
2005), and there is some evidence for a similar phenomenon within
this data set. For instance, after application of the q value cut-off,
54 mRNAs are coregulated at both the translational and transcript
level (39 up and 15 down). In contrast, there is just a single example
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of an mRNA that increases transcriptionally, yet translation decreases
and two mRNAs increase translationally while decreasing in terms of
transcript levels. A full list of the mRNAs with altered profiles after
the g value cut-off has been applied is shown in Supplemental
Tables S2 and S3.

Classification and cluster analysis of mRNAs regulated
following glucose starvation

To further dissect the physiological consequence of glucose starva-
tion on yeast, the GOslim mapper (Saccharomyces Genome Data-
base) and annotations on the Yeast Proteome Database were used
to provide functional classifications of the translationally altered
mRNAs (Supplemental Tables S2 and S3). This analysis revealed that
many of the mRNAs that were translationally maintained following
glucose starvation were involved in carbohydrate metabolism.
Nitrogen, amino acid, nucleotide and alcohol metabolism and the
general response to stress were also prominent functions, indicating
an overall adaptation toward the exploitation of alternative carbon
sources. The major classifications of the down-regulated mRNAs
included cell cycle, cell transport, ribosome biogenesis, and tran-
scription consistent with the general inhibition of growth and prolif-
eration caused by glucose starvation. When the up-regulated and
down-regulated data sets were subjected to over-/underrepresenta-
tion analysis, carbohydrate metabolism was notably overrepresented
in the up-regulated data set, whereas translation was prominently
underrepresented (Figure 4C).

The mRNAs with significantly altered translational profiles were
separated into eight clusters based on the similarity of their tran-
script profiles using k-means and hierarchical clustering algorithms
(Figure 4D). The data for each cluster are represented as a profile of
the ztransformed (for each probe set, the mean is set to 0 and the
SD to 1), in an Eisen color plot. Of these eight clusters, three con-
tained mMRNAs that were translationally maintained, and five con-
tained those that were translationally down-regulated (Figure 4D).
Ten of the 81 translationally up-regulated mRNAs fell within cluster 1,
which showed that the increased monosome-to-polysome ratio ob-
served was the result of a low expression of the mRNAs within the
monosomal fractions following glucose withdrawal (Figure 4D). This
finding suggests that the increase in translation state for these mR-
NAs may be the result of alterations in mRNA levels in the untrans-
lated pool rather than increased translation following glucose star-
vation, and highlights the value of the comprehensive overview that
clustering approaches provide. The vast majority of the translation-
ally up-regulated mRNAs, however, fell within clusters 2 and 3,
showing a profile in which a high expression of the mRNAs within
the polysomal fractions is observed following glucose withdrawal
(Figure 4D, expanded area). This pattern is consistent with a move-
ment of these mRNAs into polysomes following glucose starvation,
against the global trend of translation down-regulation.

Continued translation of specific mRNAs following

glucose starvation

A subset of the mRNAs that showed altered profiles on the microar-
rays either at the transcript level or in their abundance across poly-
somal gradients were investigated using quantitative real-time re-
verse transcriptase PCR analysis (QRT-PCR). ACTT mRNA, which was
not significantly altered in the array data sets, was used as a control
to normalize the altered mRNAs. HXT2, HSP30, and MTH1 exhib-
ited increased transcript levels following glucose starvation, whereas
the AQR1, CDCé, PCL1, and RPA12 transcript levels decreased as
measured by both qRT-PCR and microarray (Figure 5A). A similar
correlation between the polysome microarray and the gRT-PCR
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overrepresented, and translation is underrepresented in the translationally up-regulated data set. (D) Cluster analysis of
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glucose starvation, are expanded.
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FIGURE 5: Validation of microarray data using qRT-PCR and Western blot analysis for
representative genes. (A) gRT-PCR analysis in comparison to the microarray data for mMRNAs with
altered total levels. (B) qRT-PCR analysis in comparison to the microarray data for mMRNAs where
translation was down-regulated on the microarrays. (C) gRT-PCR analysis in comparison to the
microarray data for mMRNAs where translation was up-regulated on the microarrays. (D) Western
blot analysis of total protein levels from mRNAs that were translationally up-regulated following
glucose starvation. (E) Western blot analysis of total protein levels from mRNAs that were

translationally down-regulated following glucose starvation.

analysis was observed for mRNAs that exhibited either decreased
(Figure 5B) or increased (Figure 5C) association with polysomes.
Therefore good correlations between the trends observed in the
microarray and gRT-PCR data were found at both the transcript and
translation levels although, as has been observed previously (Cridge
et al., 2010), slightly more pronounced fold changes were often ob-
served with the qRT-PCR (Figure 5, A-C).

A key question is whether the increases in mRNA level and the
degree of MRNA association with polysomes cause increases in the
steady-state levels of specific proteins. This question is especially
important given the results described earlier in the text and in previ-
ous studies that glucose starvation causes a massive reduction in
global protein synthesis. To directly assess this, Western blot analy-
sis was performed for the selected proteins TkI2p, Sol4p, and Sdh1p
following a 30-min starvation period. The microarray data predict an
increase in both the mRNA and the level of translation for TKL2 and
SOL4, whereas for SDHT only the level of translation is predicted to
increase. For all three proteins, increased protein was observed rela-
tive to Rps3p, which did not significantly change in the microarrays
(Figure 5D). Both TKL2 and SDHT1 are present in the highly refined
list of regulated mRNAs (Supplemental Tables S2 and S3), whereas
SOL4 is taken from the list of MRNAs before application of the g
value cut-off and therefore likely represents a false negative. De-
creases in protein abundance on the Western blots were also ob-
served for Rnalp and Sap185p, which exhibited significantly less
polysome association in the micorarrays, relative to Rps3p (Figure 5E).
Overall, the alterations in both polysome association and level for
specific mMRNAs from the microarrays convert into defined altera-
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tions in the level of protein product. The
translational  up-regulation of specific
mRNAs is particularly noteworthy given that
under conditions of glucose starvation
global protein production is repressed by
>35-fold (Ashe et al., 2000).
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Bioinformatic analysis of translationally
altered mRNAs
The highly refined list of up- and down-reg-
ulated mRNAs were next examined in more
detail to ascertain whether any specific pat-
terns emerged that might be predictive or
might generate mechanistic insight. There
appears to be no enrichment for mRNAs
with signal peptide sequences, no signifi-
cant difference in mMRNA or UTR length, and
no obvious sequence patterns in the 5" and
3" UTRs of the translationally altered mRNAs
(unpublished data).

An analysis of the nucleotide content of
5" UTR elements did reveal some differ-
ences, however, between translationally up-
and down-regulated data sets. In particular,
the GC content immediately upstream of
the AUG start codon was lower in the up-
regulated mRNAs than in the unaffected
mRNAs (Figure 6A). This trend is particularly
intriguing for a number of reasons. First, it
has previously been suggested that A-rich
sequences serve as IRES elements to pro-
mote translation initiation near the AUG
start codon following glucose limitation
(Gilbert et al., 2007). The trend described
here, where a low GC content correlates with translational activity
under glucose starvation conditions, might also agree with this
model. Second, the dissociation of elF4A as a consequence of glu-
cose starvation (described earlier) would favor initiation on mRNAs
with nonstructured 5" UTR sequences, and a lower GC content
would be predicted for such mRNAs (Gu et al., 2010). As shown in
the model in Figure 8 later in this article, however, we cannot rule
out the possibility that other ATP-dependent RNA helicases (Parsyan
et al, 2011), such as Ded1p, substitute for elF4A allowing transla-
tion of these mRNAs.

SAP185
+D__-D

Up-regulation of the pentose phosphate pathway facilitates
adaptation to glucose starvation

We noted that several pentose phosphate pathway mRNAs are
coordinately regulated at both the transcript and translational lev-
els following glucose starvation (Figure 4B). Indeed, we made use
of some of these in our validation analysis (e.g., TkI2p and Sol4p;
Figure 5D). Intriguingly, these mRNAs are also regulated during
the response to amino acid starvation (Figure 6B; Smirnova et al.,
2005). To investigate whether this coordinated regulation of the
pentose phosphate pathway might be important during the di-
auxic shift from glucose to ethanol (fermentation to respiration),
yeast strains deleted for various pentose phosphate components
were analyzed during a switch from glucose- to ethanol-/glycerol-
containing media. On glucose media no significant difference was
observed in the growth rate of the pentose phosphate deletion
mutants relative to the wild-type strain, whereas on ethanol/glyc-
erol the pentose phosphate pathway mutants exhibited a slight
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FIGURE 6: Differences in the 5’ UTR between the translationally
altered gene sets and an overlap in up-regulated genes following
glucose and amino acid starvation were observed. (A) Analysis of the
5" UTR between the translationally up-regulated and unaffected data
sets reveals a statistically relevant reduction in the GC content
immediately upstream of the start codon among up-regulated genes
compared with the rest of the mRNAs on the array. (B) Comparison of
the translationally up-regulated genes from the glucose array and that
of a previous study involving amino acid starvation suggest an overlap
in genes up-regulated in response to these stresses, including
members of the pentose phosphate pathway (highlighted).

reduction in growth rate relative to the wild-type strain (Table 1).
Following a switch from glucose media to growth on the ethanol/
glycerol medium under conditions that mimic the diauxic shift,
a prolonged lag period that was much more protracted in the

pentose phosphate pathway mutants was observed (Table 1). Poly-
some gradient analysis of strains switched from glucose to etha-
nol/glycerol medium showed the same dramatic polysome run-
off that is observed following either glucose depletion (Ashe
et al., 2000) or glucose exhaustion from a batch culture (Figure 1).
This polysome run-off is maintained during the entire lag phase
caused by the switch from glucose to ethanol/glycerol media.
Hence, for the pentose phosphate pathway mutants, polysome
run-off is maintained for a longer period than for the wild-type
strain (Figure 7). These results suggest that the pentose phos-
phate pathway is required for a yeast culture to adapt to a respira-
tory carbon source and that a coordinated transcriptional and
translational up-regulation of the pentose phosphate pathway at
early points in the starvation response could reflect a preemptive
adaptive response required to facilitate the metabolic switch to a
respiratory carbon source.

DISCUSSION

In these studies, we show that translation initiation is rapidly in-
hibited during glucose depletion and during the diauxic shift
from glucose to ethanol growth in yeast. However, specific
mRNAs are translationally maintained or activated under such
conditions, and the 5" UTR of these mRNAs is more likely to
have a low GC content. Furthermore, the identification of mR-
NAs that are translationally resistant to glucose starvation has
allowed the discovery of a cellular translation reprogramming
strategy: activation of the pentose phosphate pathway in prepa-
ration for the rigors of respiratory metabolism.

The mechanism by which glucose starvation elicits the global
down-regulation of translation initiation involves alterations in the
protein—protein interactions within the 48S preinitiation complex.
For instance, elF4A is lost from such a complex, and surprisingly a
detectable interaction is now formed between elF3 and components
of the closed loop complex, such as elF4G and Pab1p. The simplest
interpretation of these data is that the loss of elF4A stalls progress in
the initiation process leading to the accumulation of a stalled or par-
tially formed 48S complex. Such a model, however, potentially con-
flicts with previous work in which we have shown that mRNAs and
the associated closed loop complex components, elF4E, elF4G, and
Pab1p, relocalize to cytoplasmic bodies after glucose starvation
(Hoyle et al., 2007). The missing factor that explains the discrepancy
between these two observations is timing. The persistent interaction
between elF3 and the closed loop complex is observable 10 min
after glucose depletion; however, by 30 min, this complex has bro-
ken down. Equally, the closed loop complex components do not
enter cytoplasmic bodies until at least 25 min after glucose deple-
tion. Thus our data suggest that glucose starvation inhibits events
that lie downstream of 48S complex formation, and this stalled 48S
complex decays over time to liberate the closed loop complex,
which can relocalize to cytoplasmic bodies (Figure 8).

The loss of elF4A from the elF4G-containing preinitiation com-
plex is particularly striking and lends support to a model in which the

YPEG
Strain Doubling time on YPD Lag period (h) Doubling time post lag
Wild type 2.02 (£0.12) 16.3 (0.3) 4.50 (+0.15)
gnd2A 2.39 (£0.17) 27.3 (£0.3) 5.87 (£0.64)
tkI2A 2.38 (£0.25) 29.0 (£1.0) 6.30 (£0.47)
sol4A 2.05 (£0.18) 29.0 (£1.0) 8.21 (£0.27)

TABLE 1: Growth of strains deleted for genes involved in the pentose phosphate pathway.
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components.

loss of this factor ultimately explains the translational inhibition.
elF4A is thought to be one of the most abundant initiation factors
across eukaryotes. For instance, estimates in yeast suggest that
elF4A is at least twofold more abundant than any other translation
initiation factor and approximately fourfold more abundant than the
ribosome (von der Haar and McCarthy, 2002). Therefore, in terms of
translational control, elF4A might not be perceived as a particularly
attractive regulatory target within the cell. In addition, there is in-
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FIGURE 8: A model depicting the impact of glucose starvation on translation initiation and
potential mechanisms by which specific mRNAs, such as some of those involved in the pentose

phosphate pathway, may evade this regulation.
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creasing experimental support for the idea that other RNA helicases
might play important roles in translation initiation, especially where
long and complex 5" UTR structures are encountered (reviewed in
Parsyan et al., 2011). Therefore, as well as elF4A being abundant, it
seems plausible that redundancy may exist in its RNA unwinding
functions associated with translation initiation. Nevertheless, inhibi-
tion of translation initiation via effects on elF4A or its interactions
has been identified. The effects of lithium on translation initiation in
yeast are suppressed by elF4A overexpres-
sion (Montero-Lomeli et al., 2002), elF4A
functions in germ line stem cell renewal
via effects on BAM (Bag-of-marbles) in the
Drosophila ovary (Shen et al., 2009), elF4A
is a target for the inhibitory BC1 RNA in neu-
rons (Lin et al., 2008) and a lipid signaling
molecule in the anti-inflammatory response
(Kim et al., 2007), and, finally, the Pdcd4 tu-
mor suppressor protein acts to inhibit trans-
lation at least partially via interaction with
elF4A (LaRonde-LeBlanc et al., 2007). In ad-
dition, a variety of elF4A targeting drugs
(e.g., hippuristanol, silvestrol, and pateam-
ine A) and elF4A mutations have been dis-
covered that specifically inhibit translation
initiation (Blum et al., 1992). It is thought
that pateamine A and silvestrol act to pro-
mote the RNA binding activity of elF4A,
thus making it unavailable for interaction
with the translation machinery (Bordeleau
et al., 2006a). In contrast, hippuristanol im-
pairs the RNA binding, ATPase, and helicase
activities of elF4A (Bordeleau et al., 2006b).
Dominant-negative mutations have been
characterized in which the mutant forms of
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elF4A interact with elFAG and presumably enhance recruitment of
43S complexes but are inactive in helicase and ATPase functions
(Pause et al., 1994; Svitkin et al., 2001). In the current study, we show
that the action of glucose starvation appears to lead to elF4A re-
lease from elF4G, which promotes a temporary stabilization of the
interaction of elF3 with the closed loop complex. These observa-
tions suggest that elF4A is not a requirement for the interaction of
the closed loop mMRNA complex with elF3; in fact, elF4A is required
for the rapid turnover of this complex. The loss of elF4A from the
preinitiation complex is therefore a likely explanation for the rapid
translational inhibition caused by glucose starvation.

An additional potential connection with the loss of elF4A from
the preinitiation complex is provided when we characterize the
mRNAs that are translationally activated or maintained under glu-
cose starvation conditions using polysome arrays. These mRNAs
have a tendency to have fewer GC nucleotides in their 5’ UTRs. High
GC content within RNA is well-established to favor stable RNA struc-
tures (Gu et al., 2010). Therefore, the fact that low GC 5" UTR mRNAs
are translationally maintained under glucose starvation conditions
may well reflect a low elF4A requirement for their translation. Alter-
natively, we cannot rule out the possibility that another ATP-depen-
dent RNA helicase(s) substitute for elF4A on specific mRNAs.

The polysome array data also provide significant insight into the
physiological consequences of glucose starvation. Starvation for
glucose in yeast causes major alterations in the gene expression
programs and physiology (DeRisi et al., 1997). A large number of
glucose repressible genes become derepressed via the combined
action of the main glucose repression pathway, the Snf3/Rgt2 path-
way, and the protein kinase A pathway (Rolland et al., 2002). P bod-
ies and EGP bodies, which are involved in mRNA decay and mRNA
storage, are induced (Coller and Parker, 2005; Hoyle et al., 2007;
Buchan et al., 2008). In addition, a variety of other effects of glucose
starvation have been studied, including the induction of haploid in-
vasive growth (Cullen and Sprague, 2000), dissociation of vacuolar
ATPase (Dechant et al., 2010), widespread relocalization of meta-
bolic enzymes into cytoplasmic foci (Narayanaswamy et al., 2009),
and the rearrangement of the actin cytoskeleton (Uesono et al.,
2004). Connections with many of these effects can be found within
our transcriptomic and polysomal array data sets.

Interrogation of the glucose starvation polysome arrays pre-
sented here clearly shows a concerted induction of the pentose
phosphate pathway using both transcriptional and translational con-
trol. In terms of our glucose starvation experiments, the data from
the pentose phosphate mutants suggest that induction of the pen-
tose phosphate pathway favors cell survival on respiratory carbon
sources. For instance, in the pentose phosphate pathway mutants,
there is a significant increase in the length of the lag phase before
growth and protein synthesis resumes following a switch from glu-
cose to a respiratory carbon source.

The pentose phosphate pathway has a number of key functions
(Wamelink et al., 2008). It produces the five-carbon ribose sugar that
is a precursor of a host of key molecules, including nucleotides,
NAD/NADP, RNA, and DNA. In bacteria, plants, and fungi the path-
way generates a starting material for the synthesis of aromatic amino
acids via the Shikimate pathway. Finally, the pathway provides re-
ducing equivalents for biosynthetic reactions and antioxidant de-
fense pathways in the form of reduced NADP (NADPH). During a
switch from fermentative to respiratory metabolism, the products of
the pentose phosphate pathway could be used for a variety of pur-
poses that would facilitate and augment this metabolic transition.
For example, the NADPH could serve as reducing power for anti-
oxidant mechanisms targeted toward the reactive oxygen species
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that are likely generated as a consequence of increased oxidative
metabolism. In addition, the function of NADPH in a host of biosyn-
thetic reactions (e.g., sterol biosynthesis and nucleotide production)
may contribute to the well-being of cells during this metabolic tran-
sition. However, there are a variety of other sources of NADPH that
compensate well for deficiencies in the pentose phosphate pathway
(e.g., cytosolic NADP-specific isocitrate dehydrogenase [IDPZ2] and
cytosolic NADP-specific acetaldehyde dehydrogenase [ALDY])
(Minard and McAlister-Henn, 2005). It is also possible that the pro-
duction of ribose sugars, conceivably for the biosynthesis of nucle-
otides such as ATP and GTP, is the critical function of the pentose
phosphate pathway during adaptation to glucose depletion. Either
way, the concerted transcriptional and translational up-regulation of
the pentose phosphate pathway appears to represent a preemptive
induction of factors and enzymes required for an efficient transition
to the respiratory program following glucose depletion in yeast.

MATERIALS AND METHODS

Strains and growth conditions

The strains used in this study are listed in Table 2. Strains were
grown at 30°C on either standard yeast extract/peptone (YP) media
supplemented with 2% carbon source, or synthetic complete (SC)
media (Guthrie and Fink, 1991). To study the onset of respiration,
the carbon source is switched to an ethanol glycerol mix (3%
[vol/vol] ethanol, 1% [vol/vol] glycerol), which is well-characterized
and does not support the growth of petite mutants (Treco and
Lundblad, 2001). To switch carbon source or deplete it entirely,
cells were pelleted, washed, and resuspended in the prewarmed
fresh medium for various time periods. For the microarrays, cells
were grown using synthetic complete glucose (SCD) medium with-
out methionine to allow comparison to previous studies (Smirnova
et al., 2005). Glucose levels were determined at points in the
growth on SCD media using a glucose oxidase—based glucose de-
tection kit as described by the manufacturer (Sigma-Aldrich,
St. Louis, MO). Yeast strains were C-terminally tagged with a TAP
cassette using a PCR-based assay and plasmid pYM13 (Janke et al.,
2004). TAP-tagging was confirmed by both PCR and Western blot
analysis. Standard methodswere used formeasuring -galactosidase
activity from strains bearing GCN4-lacZ fusions (Lucchini et al.,
1984). B-galactosidase is expressed as nanomoles of o-nitrophenol-
B-p-galactopyranoside (ONPG) hydrolyzed per minute per micro-
gram of total protein. The caf20A eap 1A mutant was generated by
crossing the two haploid single mutants yMK591 and yMK648 (BY
background), sporulating the diploid, then dissecting tetrads. The
various single- and double-mutant strains (yMK1750-3) were vali-
dated via PCR on genomic DNA samples.

TAP affinity chromatogaphy

Yeast cultures were grown to an ODggg of 0.6, and cells were pel-
leted and resuspended in YPD (yeast extract/peptone/glucose) or
YP media. Cells were incubated for 10 min at 30°C and pelleted.
Cell pellets were snap frozen in liquid nitrogen and ground under
liquid nitrogen. Lysed cells were thawed on ice in buffer D (20 mM
HEPES, pH 7.9, 50 mM KCI, 0.2 mM EDTA, 20% glycerol, 0.5 mM
dithiothreitol [DTT], 0.5 mM PMSF, 1 x complete EDTA-free pro-
tease inhibitor cocktail tablet [Roche, Basel, Switzerland]). Lysates
were cleared by centrifugation at 5000 rpm for 10 min at 4°C, fol-
lowing by 10,000 rpm for 15 min at 4°C. Protein extract (50 mg) was
loaded sequentially onto 300 pl of sepharose 4B resin (GE Health-
care, Little Chalfont, Bucks., UK) prewashed with 5 ml of buffer D
for 30 min at 4°C, then onto 300 pl of immunoglobulin G (IgG) sep-
harose 6 fast flow resin (GE Healthcare) prewashed with 5 ml of
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Strain Genotype Source
yMK36 MATa ade2-1 his3-11,15 leu2-3112 trp1-1 ura3-1can1-100 GCD1-5180 Ashe et al., 2001
yMK591 MATa his3A1 leu2A0 met15A0 ura3A0 eap1::kanMX4 Euroscarf
yMK648 MATo his3A1 leu2A0 lys2A0 ura3A0 caf20::kanMX4 Euroscarf
yMK926 MATa ade-1 HIS3 leu2-3112 trp1-1 ura2-1 can1-100GCD1-P180 p[GCN4-lacZ URA3 CEN] Holmes et al., 2004
yMK1316 MATa ade2-1 his3-11,15 leu2-3112 trp1-1 ura3-1can1-100 GCD1-S180 TIF4631-TAP::kanMX4  This study
yMK1338 MATa ade2-1 his3-11,15 leu2-3112 trp1-1 ura3-1can1-100 GCD1-S180 PRT1-TAP::kanMX4 This study
yMK1341 MATa ade2-1 his3-11,15 leu2-3112 trp1-1 ura3-1can1-100 GCD1-P180 TIF1-TAP::kanMX4 This study
yMK1342 MATa ade2-1 his3-11,15 leu2-3112 trp1-1 ura3-1can1-100 GCD1-5180 PAB1-TAP::kanMX4 This study
yMK1709 MATa ade2 arg4 leu2-3112 trp1-289 ura3-52 TKL2-TAP::URA3 Euroscarf
yMK1710 MATa ade2 arg4 leu2-3112 trp1-289 ura3-52 SOL4-TAP::URA3 Euroscarf
yMK1711 MATa ade2 arg4 leu2-3112 trp1-289 ura3-52 SDH1-TAP::URA3 Euroscarf
yMK1712 MATa ade2 arg4 leu2-3112 trp1-289 ura3-52 RNAT-TAP::URA3 Euroscarf
yMK1713 MATa ade2 arg4 leu2-3112 trp1-289 ura3-52 SAP185-TAP::URA3 Euroscarf
yMK1718 MATa his3A1 leu2A0 met15A0 ura3A0 sol4::kanMX4 Euroscarf
yMK1719 MATa his3A1 leu2A0 lys2A0 ura3A0 tkl2::kanMX4 Euroscarf
yMK1720 MATa his3A1 leuZA0 met15A0 ura3A0 gnd2::kanMX4 Euroscarf
yMK1750 MATo his3A1 leu2A0 ura3A0 This study
yMK1751 MATo his3A1 leu2A0 ura3A0 caf20::kanMX4 This study
yMK1752 MATa his3AT leu2A0 ura3A0 eap1::kanMX4 This study
yMK1753 MATo his3AT leu2A0 ura3A0 caf20::kanMX4 eap1::kanMX4 This study

TABLE 2: Yeast strains used in this study.

IPP150 buffer (10 mM Tris-Cl [pH 8], 1% Nonidet P-40 (NP-40),
300 mM NaCl) for 2 h at 4°C. Bound protein complexes were
washed with 30 ml of IPP150 buffer followed by 10 ml of TEV
cleavage buffer (10 mM Tris-Cl, pH 8, 1% NP-40, 300 mM NaCl,
0.5 mM EDTA, 1 mM DTT). Protein complexes were then cleaved
from the IgG resin in 1 ml of TEV cleavage buffer containing 1 x
complete EDTA-free protease inhibitor cocktail and 40 U AcTEV
protease (Invitrogen, Carlsbad, CA) for 2 h at room temperature.
Eluates were then incubated with 300 pl of calmodulin affinity resin
(Stratagene, La Jolla, CA) prewashed with 5 ml of calmodulin bind-
ing buffer (10 mM Tris-Cl, pH 8, 1% NP-40, 300 mM NaCl, 10 mM
B-mercaptoethanol, 1 mM MgAc, 1 mM imidazole, 2 mM CaCly)
for 2 h at 4°C. Bound protein complexes were washed twice with
calmodulin binding buffer and eluted in 1 ml of calmodulin elution
buffer (10 mM Tris-Cl, pH 8, 1% NP-40, 300 mM NaCl, 10 mM
B-mercaptoethanol, 1 mM MgAc, 1 mM imidazole, 2 mM EGTA,
1 x complete EDTA-free protease inhibitor cocktail). Eluted pro-
tein complexes were concentrated to 50- pl samples using Amicon
Ultra-0.5-ml centrifuge filters (Millipore, Billerica, MA).

Polyribosome analysis and microarrays

Standard polyribosome analysis was performed as described previ-
ously (Taylor et al., 2010) starting with 50 ml of yeast culture. For the
growth analysis of a glucose grown culture, 50 ml of culture was
taken at various stages during batch culture growth and chilled rap-
idly in 100 pg/ml cycloheximide. For the long-term switch from glu-
cose- to ethanol-based medium, cells were grown to ODggg 0.6,
washed, and then diluted to ODggg 0.2 in prewarmed ethanol glyc-
erol medium. At various time points, 50 ml of the culture was pro-
cessed for polysome analysis. Formaldehyde polysome analysis was
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performed as described previously (Nielsen et al., 2004; Hoyle
et al., 2007). Individual fractions were analyzed by SDS-PAGE
and Western blotting.

The polysome microarrays were performed as described previ-
ously (Smirnova et al., 2005). Briefly, cycloheximide-treated chilled
cultures were snap frozen in liquid nitrogen, and cells were lysed by
grinding under liquid nitrogen. Lysates were cleared by centrifuga-
tion at 5000 rpm at 4°C for 1 h. One hundred Aygp units were loaded
onto 35 ml 15-50% sucrose gradients. The samples were fraction-
ated via centrifugation at 16,900 rpm in an SW28 rotor (Beckman,
High Wycombe, Bucks., UK) for 13 h. The gradients were collected
using an ISCO gradient collection and fractionation system adapted
for the larger 1 x 3.5 inch centrifuge tubes and fractionated into
15 x 2.2 ml aliquots. These aliquots were collected directly into 2
volumes of Trizol (Invitrogen) and stored at —80°C. Fractions 4-8
(monosomal peaks) and 11-15 (polysomal peaks) were pooled for
the subsequent RNA extractions.

For the total RNA samples, 50-ml yeast cultures were grown
to an ODgqp of 0.6 and harvested by centrifugation at 5000 rpm
for 5 min. Pellets were snap frozen and then lysed by grinding in
liquid nitrogen. The ground powder was then resuspended in
two volumes of Trizol (2 ml) and allowed to thaw on ice. Total and
polysome-fractionated RNA was further processed as described
previously (Smirnova et al., 2005). Briefly, 1 of volume chloro-
form, 150 mg/ml glycogen, and sodium acetate (0.1 M, pH 4.5)
were added to the Trizol-resuspended samples and mixed by
vortexing. Samples were centrifuged for either 5 min at 12,000 x g
in eppendorfs (total RNA) or 30 min at 27,000 x g in 50-ml poly-
propylene tubes (fractionated RNA). The aqueous phase was
collected, 0.8 volume of isopropanol was added, and the RNA
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precipitate was collected by centrifugation at either 12 000 x g
for 10 min (total RNA) or 27,000 x g for 1 h (fractionated RNA).
The RNA pellet was washed in 80% ethanol and resuspended in
500 pl of diethylpyrocarbonate (DEPC)-treated water. RNA sam-
ples were then precipitated again with equal volume 4 M lithium
chloride buffer for 1 h at -20°C and pelleted by centrifugation at
12 000 x g. Pellets were washed with 80% ethanol and resus-
pended in 150 ul of DEPC-treated water. RNA concentration and
quality were determined by using a Nanodrop 8000 spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA) and the 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA).

Affymetrix gene chip expression microarray analysis
Microarray assays were performed using the Yeast genome 2.0 array
(Affymetrix, Santa Clara, CA) according to the manufacturer’s proto-
cols. (http://www.affymetrix.com/support/technical/manuals.affx).

Approximately 10 pg of polysomal, monosomal, or total RNA
was processed into biotinylated cRNA according to Affymetrix pro-
tocols. Fifteen micrograms of biotinylated cRNA targets were frag-
mented and hybridized to the arrays at 45°C for 16 h. The arrays
were then processed using an Affymetrix fluidics station F5450 with
script F5450_0003 and stained with R-phycoerythrin conjugated to
streptavidin (Molecular Probes, Eugene, OR). Microarray images
were acquired using the 3000 GeneChip scanner (Affymetrix) and
Gene Chip Operating System (GCOS) v1.1.1. Robust Multichip
Average (RMA) normalization and further analysis were carried out
using the Affymetrix library of procedures (Affy version 1.5.8) in
Bioconductor (version 1.5; http://www.bioconductor.org) within R
(version 2.0.1; http://www.r-project.org; Gentleman et al., 2004).
The normalized data sets were processed by calculating the log,
intensity ratios for total transcript levels in the presence and absence
of glucose. In addition, a value termed the “translation state” was
calculated for every mRNA under a specific condition by calculating
the ratio of log, intensities in polysome fractions compared with
those in monosome fractions. A second ratio of these values gives
the change in translation state (polysomest™s/ monosomesss: poly-
some<°"/ monosome<")) for an individual MRNA following stress.
Previously established and validated cutoff values (log, scale) of 0.9
(for the change in translation state) and 1.0 (for the transcript level
change) were applied to the data set (Smirnova et al., 2005). Genes
with a statistically significant change in translation state were deter-
mined with a two-factor analysis of variance model using Limma
functions ImFit and eBayes (Smyth, 2004). A list of significant genes
was selected with change in translation state cutoff of 0.9 and inter-
action p < 0.001 and g < 0.1 (false discovery rate correction using
the method of QVALUE) (Storey and Tibshirani, 2003). Clustering of
these genes (226 probe sets) into eight clusters was based on tran-
script level profiles across the data set using a k-means clustering
algorithm. Clustering was performed on the means of each sample
group (logy) that had been ztransformed (for each probe set the
mean was set to 0, SD to 1). The k-means clustering was performed
on the basis of similarity of profiles (Manhattan Distance) across
the data set using the “Super Grouper” plugin of maxdView soft-
ware (available from http://bioinf.man.ac.uk/microarray/maxd/).
Each cluster generated by k-means was ranked further by hierar-
chical clustering. The data sets are publicly available at ArrayEx-
press (E-MEXP-3037 and E-MEXP-3038), and the supplemental
material contains spreadsheets bearing the full log, scale data
sets (Supplemental Table 1). To facilitate comparison to the North-
ern analysis, the linear scale normalized intensity values were
used to calculate the appropriate polysome-to-monosome ratios
in Figure 4.
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RT-PCR validation

RNA analysis by real-time reverse transcription gRT-PCR was carried
out using the MyiQ single-color real-time PCR detection system and
iQ SYBR Green Supermix (Bio-Rad, Hercules, CA). Oligonucleotide
sequences were selected using the Beacon Designer 7 package
(www.premierbiosoft.com) and are listed in Supplemental Table 1.
Signals were quantified relative to actin mRNA control.

Western blot analysis

Protein extracts were generated from yeast cultures grown to an
ODyp of 0.6. Cells were pelleted by centrifugation at 5000 rpm for
5 min at 30°C, snap frozen in liquid nitrogen, and ground under
liquid nitrogen. Lysed cells were thawed on ice in buffer D. Lysates
were cleared by centrifugation at 10,000 rpm for 15 min at 4°C.
Equal concentrations of protein extracts, TAPs, or polyribosome
fractions were resolved by SDS-PAGE and electroblotted onto ni-
trocellulose membrane. Blots were probed using the relevant pri-
mary antibody. All primary antibodies were detected with horserad-
ish peroxidase (HRP)-conjugated rabbit secondary antibody, with
the exception of the Pab1p primary antibody, which was detected
using HRP-conjugated mouse secondary antibody. For identifica-
tion of the TAP tagged proteins, an HRP-conjugated primary anti-
body to Protein A (Abcam, Cambridge, MA) was used.
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