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Yeast translational response to high salinity: Global

analysis reveals regulation at multiple levels

DANIEL MELAMED, LILACH PNUELI, and YOAV ARAVA
Faculty of Biology, Technion—Israel Institute of Technology, Haifa 32000, Israel

ABSTRACT

Genome-wide studies of steady-state mRNA levels revealed common principles underlying transcriptional changes in response
to external stimuli. To uncover principles that govern other stages of the gene-expression response, we analyzed the
translational response and its coordination with transcriptome changes following exposure to severe stress. Yeast cells were
grown for 1 h in medium containing 1 M NaCl, which elicits a maximal but transient translation inhibition, and nonpolysomal or
polysomal mRNA pools were subjected to DNA-microarray analyses. We observed a strong repression in polysomal association
for most mRNAs, with no simple correlation with the changes in transcript levels. This led to an apparent accumulation of many
mRNAs as a nontranslating pool, presumably waiting for recovery from the stress. However, some mRNAs demonstrated a
correlated change in their polysomal association and their transcript levels (i.e., potentiation). This group was enriched with
targets of the transcription factors Msn2/Msn4, and the translational induction of several tested mRNAs was diminished in an
Msn2/Msn4 deletion strain. Genome-wide analysis of a strain lacking the high salinity response kinase Hog1p revealed that the
group of translationally affected genes is significantly enriched with motifs that were shown to be associated with the ARE-
binding protein Pub1. Since a relatively small number of genes was affected by Hog1p deletion, additional signaling pathways
are likely to be involved in coordinating the translational response to severe salinity stress.

Keywords: mRNA; translation; microarray; yeast; salinity stress; potentiation

INTRODUCTION

Eukaryotic cells have the ability to respond to various
changes in their surrounding environment by changing
their protein repertoire. These responses are often elicited
by signal transduction pathways and involve both
transcriptional and post-transcriptional regulatory mech-
anisms. One of the most important regulatory mechanisms
at the post-transcriptional level involves the control of
protein synthesis. Regulation at this step is usually
manifested by a global effect in which the synthesis of
almost all proteins is affected similarly and involves a
specific effect in which a few key factors demonstrate a
unique response. For example, the translational response of
yeast cells to various stress situations was shown to con-
sist of a global inhibition effect on the synthesis of
most proteins (Tzamarias et al. 1989; Fuge et al. 1994;

Barbet et al. 1996; Ashe et al. 2000, 2001; Kuhn et al. 2001;
Uesono and Toh 2002; Shenton et al. 2006) and a specific
effect in which the translation of key proteins was main-
tained and even induced (Kuhn et al. 2001; Smirnova et al.
2005; Shenton et al. 2006). Reducing global translation in
response to different stress situations usually involves
pathways that regulate the activity of general factors (such
as eIF2a or eIF4E). However, the cellular mechanisms
underlying the differential translation response, where
some specific mRNAs do not follow the general trend,
are poorly understood. One suggested regulatory mecha-
nism stems from the observed correlation between changes
in translation and changes in transcription of particular
genes (Preiss et al. 2003; Smirnova et al. 2005; Shenton
et al. 2006). In this model, gene-specific transcription
potentiates the mRNA and makes it prone to a similar
translational regulation. Such potentiation may occur if,
for example, regulatory proteins are deposited on the
mRNA by the transcription machinery (Lotan et al. 2005)
or if an alternative transcription start site is selected (Law
et al. 2005).

High salinity stress affects cellular physiology at multiple
levels: it creates a hyperosmotic force that leads to water
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efflux and consequently to loss of internal pressure
(Hohmann 2002); it imbalances membrane potential and
thereby affects the activity of membrane transporters
(Norbeck and Blomberg 1998); it disrupts ion homeostasis
within cells and intracellular pH equilibrium, which result
in misfolding of proteins and the generation of reactive
oxygen species (ROS) (Mendoza et al. 1994; Lahav et al.
2004; Koziol et al. 2005; Mortensen et al. 2006); finally,
it causes a solute-specific toxic effect. For example, sodium
or lithium ions, but not potassium, inhibit the phosphatase
activity of Hal2p and, thus, reduce the ability of cells to
resist high salinity (Murguia et al. 1995, 1996).

The cellular response to high salinity was studied
extensively and serves as a model for gene-expression
changes in response to external stimuli. The response is
mediated by several stress responsive signaling pathways,
of which the high osmolarity glycerol (HOG) mitogen
activated protein kinase (MAPK) pathway plays a major
role. This pathway is involved in sensing the increase in
turgor pressure and transducing the appropriate signals to
the gene-expression program (Hohmann 2002). Changes
at the transcriptional level usually occur following phosphor-
ylation of the terminal MAPK in this pathway (Hog1p),
which regulates the activity of several transcription
factors, including Msn2/Msn4, Msn1, Hot1, and Sko1
(Proft and Serrano 1999; Rep et al. 1999b, 2000).

While the transcriptional response to high salinity is
well studied (Posas et al. 2000; Rep et al. 2000; O’Rourke
and Herskowitz 2004; Gat-Viks and Shamir 2007), changes
at the translational level are not fully characterized. In
response to high salinity (NaCl), yeast cells transiently
inhibit the rate of protein synthesis but resume translation
at normal levels following an adaptation period, the
duration of which correlates with the severity of the saline
stress (Uesono and Toh 2002). The recovery of the
translation system, but not the initial inhibition of protein
synthesis, requires a functional HOG signaling pathway
(Uesono and Toh 2002). Intriguingly, under severe high
salt stress Hog1p was shown to retain in the cytosol in an
activated form (Van Wuytswinkel et al. 2000), thus sug-
gesting a role in cytosolic functions.

Here, we performed a genome-wide analysis of the
translational response of yeast cells to high salinity stress,
either in the presence or absence of the Hog1 protein. In
the presence of Hog1p, we observed a significant change in
the translation of many mRNAs involved in the cellular
response to various stresses. Many of these genes were also
affected at their mRNA levels, consistent with a potenti-
ation process involving Msn2/Msn4 transcription factors.
Interestingly, the translation of only a small fraction of
these mRNAs appeared to be dependent on Hog1p. A
relatively large fraction of the affected mRNAs contain
within their UTRs sequence motifs that were shown
previously to be associated with the ARE-binding protein
Pub1p.

RESULTS AND DISCUSSION

Ribosomal association following high salinity stress

Following exposure to high salinity stress conditions, yeast
cells experience a strong yet transient reduction in the
number of translating ribosomes (Fig. 1; Uesono and
Toh 2002). We performed a time course analysis in which
yeast cells grown in optimal conditions were shifted to a
medium containing 1 M NaCl for 0, 10, 30, 60, 180, and
300 min. Cells were harvested at these time points, and the
sedimentation pattern of polysomal complexes was deter-
mined (Fig. 1). Within 1 h of the application of high
salinity stress, the percentage of signal in the polysomal
region dropped from 75% to 10%. This strong inhibition of
protein synthesis is merely temporal, as the cells replenish
their polysomal pool to almost normal levels within 5 h
after administration of NaCl. Based on these ribosomal
association parameters, one can suggest that the translation
machinery exhibits the most drastic change at the 1-h time
point and is fully adjusted to the new conditions at the
5-h time point. Interestingly, under these conditions, the
steady-state mRNA levels for at least three salt-stress related
mRNAs (Fig. 1B) started increasing at the 1-h time point
and reached a maximal level at the 3-h time point. This is
consistent with previous studies that revealed that higher
salt concentrations elicit a delayed transcriptional response
(Rep et al. 1999a; Posas et al. 2000). Thus, at the 1-h time
point genes are likely to be strongly affected at the trans-
lation level and to a much lesser extent at their transcript
levels. Since our main interest herein is the effect at the
translation level, we used this time point in all further
experiments. Moreover, at high NaCl concentrations the
main regulator of the salinity response (Hog1p) was shown
to be retained in the cytosol in its active form for at least
45 min (Van Wuytswinkel et al. 2000). Thus, if the HOG
pathway plays a direct role in translation through the
Hog1p, it is likely to be apparent in these conditions, in
which Hog1p is cytosolic.

Changes in the yeast transcriptome following high
salinity stress

Large-scale analyses of changes in steady-state mRNA levels
following high salinity stress have demonstrated that the
transcriptome response to this environmental stress is
highly dynamic and varies greatly with time, salt type and
concentration, and yeast strain used (Garcia et al. 1997;
Posas et al. 2000; Yale and Bohnert 2001; O’Rourke and
Herskowitz 2004; Hirasawa et al. 2006; Gat-Viks and
Shamir 2007). To establish the salt response of our strain
(BY4741), we isolated RNA samples from cells at time zero
or after 1 h of stress and used them for microarray analysis.
The samples were differentially labeled and hybridized
together to a DNA microarray containing z6000 known
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and predicted yeast ORFs. The experiment was repeated
three times, and the results per gene are the average of
at least two out of three independent experiments
(4789 genes) (Supplemental Table. 1). Following 1 h in
high salinity growth conditions, the relative abundance of
transcripts representing 124 genes was induced by more
than 1.5-fold. Of these, 58 genes (z47%) are of an
unknown biological process according to the Saccharomyces
Genome Database (SGD). Only nine genes (YGR243W,

GPD1, BTN2, HSP42, YDL023C,
HSP12, CUP1-2, SPI1, and STL1)
showed a relative increase of more than
twofold in their steady-state mRNA
levels, and all were previously reported
to be induced in response to high
salinity (Posas et al. 2000; Yale and
Bohnert 2001; Hirasawa et al. 2006).
The fact that only a few genes showed
more than a twofold increase in mRNA
levels is in agreement with reports
describing a much reduced transcrip-
tional changes in response to severe
osmotic stress compared to mild stress
conditions (Fig. 1B; Rep et al. 1999a;
Van Wuytswinkel et al. 2000). A de-
crease in relative transcript abundances
was more significant, and 205 ORFs
showed more than a twofold reduction.
Analysis of the biological process they
are involved in by SGD gene ontology
(GO) term analysis revealed that z40%
are involved in the translation process
(P value = 1.06 e�37) and many encode
for ribosomal proteins (RP). A similar
decrease in RP mRNA levels following
salt stress was previously observed
(Gasch et al. 2000; Rep et al. 2000;
Causton et al. 2001; O’Rourke and
Herskowitz 2004).

Translational response
to high salinity

To study whether mRNA molecules are
translated differentially in response to
high salinity, we fractionated yeast cells
either before or after 1-h exposure to
1 M NaCl into two fractions: nonpoly-
somal mRNA, representing mRNA that
is free or monosomal (FM), and poly-
somal mRNA (P) that contained two or
more ribosomes (Fig. 1). The monoso-
mal fraction was pooled with the free
sample because this population of
mRNAs is unlikely to represent effi-

ciently translated mRNAs. RNA was purified from each
fraction and converted into Cy5-labeled cDNA. An unfrac-
tionated reference RNA sample was converted into Cy3-
labeled cDNA and hybridized with all samples, thereby
serving as a common reference. This experimental pro-
cedure was repeated three times using three independent
polysomal preparations. Hybridization results provided the
relative abundance of each mRNA within each fraction.
Notably, to be able to determine the mRNA distribution

FIGURE 1. Time course analysis and experimental strategy used to study the translational
response to high salinity. (A) Cells grown in optimal medium (YPD) to the midlogarithmic
phase were subjected to 1 M NaCl stress for the indicated times. Cells were harvested and
complexes were separated by velocity sedimentation in sucrose gradients. The sedimentation
profile of ribosomal complexes was determined by measuring the OD254 along the gradient.
The dashed line indicates the partition line between mRNAs free of ribosomes or associated
with monosome (FM) and mRNAs associated with polyribosomes (P). The percent of signal
obtained in the P region is indicated in each panel. (B) Northern analysis of changes in
transcript levels following exposure to 1 M NaCl. Cells were harvested at the indicated time
points (identical to the time points in the polysomal analysis, panel A). RNA was extracted
from the samples and subjected to Northern analysis using the indicated probes. (C) Scheme of
the procedure for translational profiling. Sucrose density gradients from time points 0 min
(normal, N) and 60 min (salt, S) were fractionated to free and monosomal (FM) or polysomal
(P) mRNA. Each pool was converted to Cy5-labeled cDNA, mixed with Cy3 labeled
unfractionated RNA from an unrelated sample (reference RNA), and hybridized to a DNA
microarray. Slanted arrows represent the spike-in RNA that was added to each sample in equal
amounts. (D) Scheme of the transcriptome analysis. Unfractionated RNA was extracted from
these two time points (TN, TS), labeled differentially, and hybridized together to a DNA
microarray. Note that the same cell culture was used for both C and D in order to reduce
technical variation.
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across a gradient, we added an equal amount of spike-in
mix (normalization mix) composed of five different exog-
enous mRNAs to each fraction. These exogenous mRNAs
had at least 100 complementary spots on the DNA micro-
array. Since the spike-in mix was added to each fraction
immediately after collection, any variation in RNA pro-
cessing between the FM and P fractions (e.g., RNA
purification, reverse transcription, Cy labeling and micro-
array hybridization, and scanning efficiencies) was repre-
sented and corrected by differences in the spike-in signals
between the two fractions.

The normalized results were used to study the overall
translational trend and to identify genes with significant
changes in their polysomal status in response to high
salinity. We first describe the global trends observed and
then discuss the specific groups of genes that deviated from
these global trends.

Global changes in yeast ribosomal association
following high salinity stress

The experimental design for ribosomal association results
in two values per gene: the signal in the nonpolysomal
fraction (free and monosomal [FM]) and the signal in the
polysomal fraction (P). Both signals were obtained in the
format of a ratio between the FM or P fractions and the
reference RNA sample. Three criteria were used to analyze
the changes in mRNA translation between salt stress (S)
and normal (N) conditions.

(1) Change in the polysomal fraction after salt stress (PS/
PN). This parameter represents the relative change in
mRNAs that are associated with ribosomes and pre-
sumably engaged in translation. Low values in this
parameter may indicate a strong shift of mRNA from
polysomes to the free mRNA fraction. Our experimental
data indicate an average decrease of z3.5-fold in poly-
somes for all mRNAs, which is consistent with the strong
decrease in the OD254 of the gradient (Fig. 1). This
decrease was very similar for most mRNAs, as the
range from the 5th to the 95th percentile of PS/PN is
0.2–0.45.

(2) Change in the nonpolysomal fraction (FMS/FMN). This
parameter represents the relative change in untranslated
mRNAs. Higher values represent accumulation of
mRNAs in the FM fraction after salt stress, and therefore
may suggest a decrease in translation. Our experimental
results indicate accumulation of mRNA in the FM
fraction (FMS/FMN > 1) for z60% of the genes. In
comparison to the small variation in PS/PN, the range of
changes in the FM was much larger (5th to 95th
percentile range of 0.4–1.7). This difference may be a
result of changes in mRNA transcription or degradation
that are likely to be apparent in the FM fraction
(discussed below). Note that the PS/PN and FMS/FMN

parameters do not necessarily complement each other.
For example, an mRNA that changed from 99% to 98%
in polysomes will have a negligible change in the
polysomal fraction (PS/PN), yet the change in FM
(FMS/FMN) will seem significant (from 1%–2%, or
twofold) (Melamed and Arava 2007).

(3) Change in the ratio of polysomal to free and mono-
somal mRNA [(P/FM)S/(P/FM)N]. This value is derived
from the above two parameters and represents the
distribution of mRNAs within the gradient. Using this
criterion, we observed that practically all genes (98%)
had a lower P/FM after the salt stress [(P/FM)S/(P/FM)N

< 1] with the vast majority (86%) presenting a reduction
of more than twofold.

We used Northern blot analysis for a variety of mRNAs
to confirm the microarray results in terms of changes in
mRNA abundances and mRNA distributions between the
P and FM fractions (Fig. 2). Overall, we observed a good
correlation between the two methods with respect to
changes in total mRNA levels and P/FM values. The slight
differences in the extent of changes are probably due to the
different normalization strategies used for each method
(see Materials and Methods).

To test if the changes in ribosomal association are
reflected in changes in protein levels, we performed
Western analysis for several representative genes. To avoid
effects that are due to changes in transcript levels, we
selected genes that displayed insignificant changes at the
transcript level. Strains expressing TAP-tagged HOR2 or
HMT1 (representing genes with relatively high ribosomal
association after the treatment) and TDH2 or ADK1 (low
ribosomal association) were subjected to 1-h treatment
with NaCl, and protein extracts were taken for Western
analysis (Fig. 2D). Western analysis revealed that Hor2p
levels increased by 2.6-fold, suggesting an induction of
protein synthesis. The seeming discrepancy between the
slight decrease in ribosomal association of HOR2 (change
in P/FM = 0.8) and the increased protein synthesis rates is
attributed to the difference in growth medium; when cells
were grown in minimal medium (as in the case of the
protein analysis) HOR2 mRNA showed a significant
increase in ribosomal association (data not shown). Hmt1p
levels, as well as the levels of Adk1p and Tdh2p, were
similar before and after the salt treatment. We reasoned
that the lack of apparent changes in protein levels as
determined from Western analyses might be due to the
stability of these proteins, which would obscure changes in
protein synthesis rates. We therefore pulse-labeled cells
with 35S methionine for the last 20 min of exposure to the
stress and utilized the TAP tag to perform immunoprecip-
itation (IP) of the newly synthesized proteins. As can be
seen in Figure 2D, Hor2p has a higher synthesis rate than
Adk1p and Tdh2p after the 1-h salt shock, consistent with
the differences in polysomal association found for these
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genes. For Hmt1p, however, there is no detectable signal
after the treatment, indicating that it is not synthesized
under these conditions. The discrepancy between the
changes of HMT1 ribosomal association and its apparent
rate of protein synthesis may be due to differences in the
growth media used for the two assays. Indeed a difference

in growth media was found to affect HOR2 since its ribo-
somal association was even higher when the salt treatment
was performed with minimal medium (data not shown).
We were unable to obtain satisfactory Northern data for the
tagged HMT1 when cells were grown in minimal medium;
therefore, the possibility that changes in transcript levels
occurred also for this gene cannot be excluded. Alterna-
tively, these data may indicate that HMT1 is regulated at
other stages of translation. For example, the elongation
factor EF2 was shown to be highly phosphorylated after salt
treatment (Teige et al. 2001), which suggests regulation
during the elongation step. Overall, this limited pulse-
labeling analysis indicates that differences between mRNAs
in their ribosomal association are usually, but not always,
reflected at their protein synthesis rates. Proteomic studies
are necessary to fully investigate the extent of concordance
between ribosomal association and protein synthesis rates,
and these may reveal additional layers of expression
regulation.

Global relationships between changes in transcript
levels and polysomal association

To examine the relationships between changes in
translation and transcript levels, the values obtained for
each of the above parameters were compared with the data
regarding changes in steady-state mRNA levels. For each
gene, the PS/PN, FMS/FMN, or (P/FM)S/(P/FM)N values
from at least two experimental repeats were averaged
(Supplemental Table 2), and each of the averaged values
was plotted against the changes in transcript abundances
(average of at least two biological replicates) (Fig. 3).
Interestingly, changes in the FMS/FMN values appeared to
have a strong positive correlation with changes in mRNA
transcript abundances (TS/TN) (Fig. 3A). Changes in
polysomal association (PS/PN), however, had no simple
correlation with TS/TN (Fig. 3B). A reasonable explanation
for these observations might be that that the strong
reduction in translation affects most of the genes similarly
(i.e., their polysomal fraction decreases similarly), and
changes in mRNA transcript levels that result from altered
mRNA transcription or decaying rates occur mainly in the
FM fraction. Consistent with this explanation, the change
in P/FM ratio following high salinity stress shows an
inverse correlation with the change in mRNA levels
(Fig. 3C).

Based on these observations, we propose a model that
links the general changes in the transcriptome to the
changes in translation following high salinity stress
(Fig. 3D). According to this model, high salinity stress
results in a transfer of mRNA molecules from the
polysomal fraction to the FM fraction. This strong shift is
similar for most genes (three molecules per gene in this
example). Concurrent with or soon after the drop in
polysomal mRNA, changes in steady-state mRNA levels

FIGURE 2. Comparison between microarray and Northern results of
several candidate genes. (A) Sucrose gradients from cells grown in
normal (N) conditions (i.e., YPD) or after 60 min growth in 1 M NaCl
(S) were fractionated to two fractions representing free and mono-
somal (FM) or polysomal (P) mRNA. RNA samples were subjected to
Northern analysis using probes recognizing the indicated mRNAs.
Transcript levels comparison (right panels) was done by analyzing
5 mg of unfractionated RNA collected from either N or S conditions.
(B) Quantified signals from three biological replicates (either micro-
array [black bars] or Northern [gray bars]) were used to determine the
average fold change in steady-state transcript levels for the indicated
genes. IPP1 probe was used to normalize for loading variations
because it shows no significant change following high salinity stress
(Rep et al. 1999a; this study). (C) Quantified signals from three
biological replicates (either microarray or Northern) were used to
determine the average change in P/FM ratios for the indicated genes.
Signals were normalized to an mRNA spike (PHE) that was added
in equal amounts to each fraction immediately at collection. (D)
Western analysis and pulse labeling of TAP tagged proteins. For
Western analyses, the indicated strains were grown in optimal media
(YPD) and shifted for 1-h growth to medium containing 1 M NaCl.
Protein extracts were prepared from the cells, and equal amounts were
subjected to Western analysis using peroxidase anti peroxidase
antibody. For pulse labeling, cells were grown overnight in minimal
medium with only the necessary amino acids but without methionine.
Half of the cells were shifted to a medium supplemented with 1 M
NaCl for another 1 h of growth. 35S-methionine was added to the cells
20 min before harvesting. Labeled proteins were immunopercipitated
using IgG-sepharose beads, resolved on a gel, and exposed to a
PhophorImager. N indicates no salt stress and S indicated salt stress.
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that include changes in both transcription and decay rates
occur mainly in the FM fraction. Accordingly, a decrease in
mRNA levels will be manifested mainly in the FM pool
(Fig. 3D, gene a), while those mRNAs still engaged with
translating ribosomes will be less accessible for the mRNA
decaying machinery (Parker and Sheth 2007). An increase
in mRNA abundance (Fig. 3D, gene c) results in accumu-
lation in the FM fraction with little or no increase in its
translation. Thus, as illustrated in Figure 3D, changes in
steady-state mRNA levels are inversely correlated with
changes in P/FM values.

The main implication of these results is that, in general,
an increase in mRNA abundance (either from lower decay
rates or increased transcription) does not necessarily lead to
an immediate increase in protein synthesis levels. Rather,
many of these mRNAs are accumulating in the FM fraction,

probably in P-bodies, and serving as an
mRNA pool to be translated during the
subsequent recovery of the translation
apparatus (Brengues et al. 2005). This
conclusion is relevant for most genes in
yeast responding to high salinity stress.
Yet, as will be elaborated below, some
genes do not follow this general trend
and the increase in their transcript
levels do correlate with changes in their
translatability.

Genes that deviate from the global
translational trend

As illustrated in Figure 3, most of
the genes analyzed followed a common
translational response with respect to
changes in mRNA transcript levels.
To identify gene candidates having a
different translational response, we se-
lected genes that deviated by more than
two standard deviations from the over-
all linear trend lines (Fig. 3A,B,C,
dashed lines) in at least one of the three
criteria used. Since any biased change
in FM or P necessarily affects the change
in P/FM, we increased the stringency
of selecting genes by the FMS/FMN or
PS/PN criterion by filtering in only those
genes that showed a change also in (P/
FM)S/(P/FM)N. Note that genes were
selected as translationally regulated if
they deviated from the global trans-
lational response. Thus, some genes
might show an increase in their P/FM
ratio (e.g., Fig. 2A, GCN4,YHB1; Fig.
3C, genes above zero with respect to the
Y-axis) and others might display a de-

crease in their P/FM values (e.g., Fig. 2A, GPD1,HOR2,
BTN2; Fig. 3C, genes below zero with respect to the Y-axis),
yet all will be considered as translationally up-regulated
since they all show a significant increase in translation with
respect to the general trend line.

Translationally upregulated genes

A total of 201 genes were assigned as translationally up-
regulated following high salinity stress (the full list appears
in Supplemental Table 3). These genes were further
grouped into functional categories using the SGD GO Slim
Mapper tool, the phenotypic profiles database (Prophecy)
(Fernandez-Ricaud et al. 2007), and the literature search
(Fig. 4A; Supplemental Table 3).

FIGURE 3. Graphical representations of the relationships between translational changes and
changes in the transcriptome. (A–C) Changes in ribosomal association following salt stress,
calculated as [log2(FMS/FMN)](A), [log2(PS/PN)] (B), and (log2[(P/FM)S/(P/FM)N]) (C), were
plotted against their respective changes in transcript levels (TS/TN). The best-fit linear trend
lines are marked, and their slope and R2 values are indicated. Dashed lines represent two
standard deviations (2 SD) from the trend line. Genes that were tested by Northern analysis
and disussed in the text are indicated by arrows. (D) A model explaining the inverse
relationship between the global translational response and the transcriptome response. (Top)
The translational status of three representative genes. For simplicity, at optimal growth
conditions, five mRNA molecules of each gene are free of ribosomes (FM) and five are
associated with translating ribosomes (P), thereby yielding a P/FM of one. (Middle) Following
1 h of high salinity stress, mRNA molecules are shifted from the P pool to the FM pool in an
identical manner for all genes. (Bottom) Concomitant with the translational change or soon
after, changes in mRNA transcript levels take place only within the FM fraction. For some
genes, a fast degradation (left) occurs, leading to an apparent low P/FM. For other mRNAs
(middle), no change occurs in transcript levels. Finally, transcription induced for some genes
may lead to an increase in mRNA levels and a decrease in P/FM (right). Thus, although the
shift from P to FM was similar to all genes, the changes in mRNA levels, which are reflected
mainly in the FM fraction, lead to the apparent inverse correlation between changes in T and
changes in P/FM.
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Stress responsive genes

Fifty-six genes (z27%) are involved in different stress
responses. Of these, 27 genes were previously reported to
be involved in the cellular response to high salinity. These
include genes whose contribution to high salt resistance is
known, such as GPD1, HOR2, RHR2, and STL1 that are
involved in the biosynthesis and transport of glycerol
to counterbalance the high osmotic pressure (Albertyn
et al. 1994; Pahlman et al. 2001; Ferreira et al. 2005), and
genes whose contribution to high salt resistance is unclear
but their expression was shown to be required for resistance
(such as HMT1, ERG6, IMD4, NCL1, PMP1, and
YNL168C) (Fernandez-Ricaud et al. 2007). The other stress
genes identified were shown to be involved in stress
responses such as oxidative stress (GRX2, NCE103, PST2,
and YHB1), pH tolerance (BTN2, CHS7, CYS4,
KRE1, LYP1, SBE22, VMA6, SLT2, and ORM2), the
unfolded protein response (HSP104, HSP42, SEC61, FES1,
ZUO1, SSA4, and SIS2), and cellular detoxification (AQR1,
PDR15, and YGR035C), which are probably secondary
outcomes of high salinity.

Signaling

Four genes, BCY1, TIP41, DBF2, and CBK1, which are
involved in cell signaling, appeared to be up-regulated
by salt stress. Bcy1p is the regulatory subunit of the cAMP-
dependent protein kinase (PKA). Binding of cAMP
to Bcy1p releases it from the catalytic subunit, thereby
increasing its kinase activity. PKA signaling acts as a

negative regulator in most types of stress. Consistent
with this, a deletion mutation in BCY1 or overexpression
of the PKA catalytic subunit reduces yeast viability
following high salinity shock (Norbeck and Blomberg
2000). The observed up-regulation of Bcy1p (Fig. 2) might
promote yeast survival by increasing its association with
PKA catalytic subunits and, therefore, inhibit its activity.

Tip41p is involved in the TOR (target of rapamycin)
signaling pathway, and its expression was recently shown to
be required for the accumulation of the transcription factor
Msn2 in the nucleus in response to different stress
conditions (Santhanam et al. 2004). Therefore, induction
of TIP41 mRNA translation might be required for optimal
accumulation of Msn2p in the nucleus.

Dbf2p and Cbk1p Ser/Thr kinases are two (out of three)
members of the S. cerevisiae NDR (nuclear Dbf2-related)
family. Both proteins regulate processes that are linked
to the exit from mitosis (Hergovich et al. 2006). Indeed,
high salinity stress causes a shift from mitosis to the
G1 stage, and this transition is partly controlled by the
HOG signaling pathway (Reiser et al. 2006). The
importance of Dbf2p for salt resistance is emphasized
by the strong sensitivity of the dbf2-deletion mutant to
high salinity (Lee et al. 1999; Warringer et al. 2003).
Thus, these proteins may provide the molecular link
between salt sensitivity and the cell cycle effect.

Amino acids

Our analysis indicates that high salinity activates
the translation of GCN4, a transcription factor that
mediates the cellular response to amino acid starvation,
together with its coactivator MBF1. Induced translation of
GCN4 following NaCl stress was previously observed and
shown to cause sodium sensitivity (Goossens et al. 2001).
Surprisingly, though GCN4 translation was induced fol-
lowing NaCl treatment, its mRNA level appeared to be
strongly reduced (Fig. 2). These opposite responses might
reinforce the suggestion by Alain Goossens et al. that
GCN4-induced translation following high salinity stress
results from the toxic effect of sodium ions that activate the
Gcn2p-dependent phosphorylation of eIF2a. Therefore,
reducing GCN4 mRNA steady-state levels might be a
cellular response used to counterbalance the negative effect
of its induced translation. Indeed, the effect of GCN4-
induced translation on the transcriptional activation of
genes involved in amino acid biosynthesis was moderate,
since, of the top 20% of genes that demonstrated increased
mRNA levels (958 genes), only 24 were associated with
amino acid metabolic processes. Interestingly, one third of
these genes are linked to arginine metabolism (ARG2,
ARG3, ARG5, ARG6, ARG80, ARG81, ARG82, ECM40,
CAR1, BTN2). Accumulation of arginine, a positively
charged amino acid, was previously shown to render cells
more tolerant to freezing (Takagi et al. 1997; Morita et al.
2002), and resistance to these stress conditions was shown

FIGURE 4. Bar diagrams of translationally regulated genes grouped
by their common processes. The bars indicate the total number of
translationally induced genes (A) or translationally repressed genes
(B). The black section in each bar indicates the proportion of genes
that are within the top 5% of genes having the highest change in
transcript levels.
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to be related to hyperosmotic adaptation (Panadero et al.
2006). Only two of these genes (CAR1 and BTN2) were
induced also at the translation level. These two genes act to
reduce the levels of arginine within cells, while the other
genes are involved in arginine biosynthesis. Therefore,
regulation of arginine levels in response to high salinity
may play a defensive role and probably relies on differential
expression of genes involved in arginine metabolism.

Genes with induction of transcript levels
and of polysomal association

A unidirectional change in transcript levels and in protein
synthesis (termed potentiation) (Preiss et al. 2003) was
reported to occur following heat shock, oxidative stress,
rapamicin treatment, and amino acid starvation (Preiss
et al. 2003; Smirnova et al. 2005; Shenton et al. 2006). We
found that 12.5% (25 genes) of the genes that were assigned
as translationally induced also showed a significant increase
in their mRNA levels (ranked in the top 5% of genes), i.e.,
have a positive potentiation trend (Fig. 4A). Interestingly,
this group was enriched with genes that contain binding
sites to the stress-response transcription factors Msn2/
Msn4 (ALD3, AST1, DDR2, GPD1, HSP12, FMP12,
HSP42, HSP104, MBF1, MSC1, and STL1) (P value = 5
e�8) (Shamir et al. 2005) and with other experimentally
verified Msn2/Msn4 targets (BTN2, NCE103, MAS1, SPI1,
and YHR033w) (Teixeira et al. 2006). We, therefore,
hypothesized that the molecular basis underlying the
common effects at the transcriptional and translational
levels involves these factors. To further explore this possi-
bility, we tested the steady-state levels and polysomal
distributions of several of these Msn2/Msn4 targets
(GPD1, MBF1, HSP12, and BTN2) in a strain containing
deletions of these factors (Fig. 5). Indeed, after high salinity
stress, both the steady-state levels (Fig.
5B) and the polysomal association (Fig.
5A) of all four mRNAs showed a clear
decrease in comparison to the parental
strain. This effect was not apparent for
GCN4 mRNA, which is not regulated
by Msn2/Msn4. These results reveal the
involvement of Msn2/Msn4 in coupling
changes in transcription and translation
of specific genes following high salinity
stress.

Translationally down-regulated
genes

Two hundred and twenty-five genes
showed a significant decrease in mRNA
translation. Of these, z36% encode for
ribosomal proteins or are associated

with other aspects of the translation machinery and z9%
are involved in energy metabolism (Fig. 4). Additional
repressed targets include genes involved in cell-wall metab-
olism (CWP2, GUK1, PSA1, PIR1, and CCW14), ion
homeostasis (VMA4, VMA13, MIR1, PHO84, CUP5, and
PDR5), and nucleotide metabolism (ADK1, URA5, and
RNR2). These genes are closely linked to cell growth and
proliferation processes, and their transcripts are highly
abundant in cells grown at optimal conditions (Wang et al.
2002). Since yeast cells experience growth arrest following
high salinity stress, it is conceivable that the synthesis of
proteins involved in cell growth and metabolism will be
reduced.

Genes with a reduction of transcript levels
and of polysomal association.

The potentiation effect also occurs in order to repress gene
expression under high salinity stress (‘‘negative potentia-
tion’’). About 55% (123 genes) of the genes found to be
translationally reduced also had a significant decrease in
their mRNA abundance, i.e., were found in the top 10% of
genes with reduced mRNA levels. Importantly, almost all
of the RP genes presented this effect (Fig. 4B), namely, a
significant decrease in their polysomal pool and in their
transcript levels. The fact that relatively large amounts
of these mRNAs are found in the FM pool even after
considerable reduction in their levels might suggest that
these transcripts serve as a reservoir of mRNAs waiting to
be translated following recovery from the shock. A possible
means for retaining these transcripts as a translationally
inactive pool is through interactions with P-bodies. These
cellular compartments were shown to accumulate non-
translating mRNAs in cells undergoing various stresses and
to allow their movement back into polysomes once stress is

FIGURE 5. Effect of deletion of MSN2/MSN4 genes. (A) Translational response. Yeast strains
either carrying (WT) or deleted (D) of MSN2/MSN4 genes were grown for 60 min in YPD
supplemented with 1 M NaCl, and then subjected to polysomal analysis. RNA samples from
FM and P fractions were used for Northern analyses using the indicated probes. The
histograms present the ratio between the P/FM of the deletion strain and the normal strain
after normalization according to the signals of the PHE mRNA. (B) Transcript changes. RNA
samples (5 mg each) from wild-type (WT) or Msn2D/Msn4D (D) cells grown either in normal
(N) or salt (S) conditions were subjected to Northern analysis. Black and gray bars represent
the ratio of S to N signals in the WT and deletion strain, respectively. Loading variations were
corrected according to the IPP1 signals.
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relieved (Brengues et al. 2005). Alternatively, since many of
these mRNAs are found in many copies per cell, this
negative potentiation effect might not be a regulated
response of the cells to stress. Rather, it might represent
the result of an incomplete mRNA degradation process, as
a large amount of these mRNAs shifted from the P to the
FM fraction.

Transcriptome response of hog1 deleted cells

The Hog1 MAPK pathway is a major modulator of the gene
expression response to salt stress. Activation of this
pathway leads to transcriptional induction of many genes
involved in the cellular response to high salinity (Hohmann
2002). However, while following a mild osmotic shock,
phosphorylated Hog1p rapidly translocates to the nucleus
and exerts its function on transcription, severe osmotic
stress results in delayed nuclear accumulation of Hog1p
and, consequently, a decreased transcriptional response after
60 min (Rep et al. 1999a; Van Wuytswinkel et al. 2000).

To identify the genes that may be transcriptionally
affected by Hog1p, we compared changes in the tran-
scriptome of hog1D and wild-type cells (Fig. 7A; Supple-
mental Tables 4, 5). Almost all of the 126 genes that showed
induced mRNA levels in wild-type cells (more than 1.5-fold
induction) were induced also in the deletion strain.
Therefore, under this harsh stress condition, the increase
in transcript levels appears to be controlled by pathways
other than the HOG signaling, as was suggested previously
(O’Rourke and Herskowitz 2004).

In contrast to the similar induction profile, the reduction
in mRNA levels of many genes was not as strong as in the
wild-type strain; about 30% of the 205 genes that showed
reduced mRNA levels (greater than twofold reduction) in
the wild-type strain were less affected in the hog1D. Many
of the nonreduced genes encode for ribosomal proteins
(e.g., , see below, Fig. 8B, RPL32,RPS22A); this is in agree-
ment with a previous observation demonstrating that Hog1p
strongly affects the reduction in mRNA levels of RPL27B
and RPL28 (CYH2) (Uesono and Toh 2002). Thus, under
severe salt stress conditions Hog1p down-regulates the
mRNA levels of ribosomal proteins by reducing their
transcription levels or accelerating their decay. We specu-
late that the latter is more likely because Hog1p is mostly
cytosolic under this condition.

Hog1p-dependent translation

To examine whether the HOG pathway is involved also in
translation regulation following salt stress, we compared
the mRNA polysomal distributions of hog1D cells that were
subjected to identical stress conditions. Following 1 h in the
presence of 1 M NaCl, the polysomal profile of the hog1
deletion mutant was essentially the same as that of the wild-
type strain (Fig. 6), though a longer incubation time

resulted in a more severe reduction of its polysomes
compared to wild-type cells (data not shown). DNA
microarray analyses for FM or polysomal fractions col-
lected from the gradients were performed essentially as
described for the wild-type strain. To select candidates for
translational regulation by Hog1p, values representing
changes in hog1D FM, P and P/FM ratios from each
biological replicate were plotted against their equivalent
changes in wild-type cells (Fig. 7B,C,D). Genes were
considered to be translationally misregulated if their change
in hog1D P/FM ratio deviated from the change in wild-type
P/FM ratio by more than two standard deviations (SDs) in
one experiment and more than one SD in at least one of
the other two biological replicates. We further enhanced
the stringency of filtration by considering only genes that
showed also significant deviations from the wild-type strain
in FMS/FMN or PS/PN values. Using this approach, we
identified 99 genes that showed reduced translation levels
in hog1D cells when compared to the wild-type strain
response (Supplemental Table 7). We verified the reduced
translation of several mRNAs (SED1, ZUO1, YPT1, HSP12,
RPL32, and RPS22A) using Northern blot analysis (Fig. 8).
Overall, the Northern data confirmed that these mRNAs
are affected by hog1 deletion at the translational level.

Sequence analysis (Bailey et al. 2006) of the 59 and 39

UTRs of the group of genes that showed stronger trans-
lation repression compared to the wild-type strain response
revealed several statistically enriched motifs (Fig. 9A), that
were not detected in a group of nonaffected genes. These
motifs contain A-rich, U-rich, or A:U-rich (ARE) sequences
and are highly similar to elements that were found as
binding sites for the ARE-binding protein Pub1 (Fig. 9B;
Duttagupta et al. 2005). Application of the Tomtom
algorithm (Gupta et al. 2007) to measure the statistical
similarity between a Pub1 motif and its corresponding
Hog1 motif revealed for all pairs a significant similarity (E

FIGURE 6. Polysomal profiles for wild-type and hog1D cells. (A)
Wild-type cells grown under normal conditions (before shift to salt
conditions). (B) Wild-type cells after 60 min of 1 M NaCl stress. (C)
hog1D cells grown at normal conditions. (D) hog1D cells after 60 min
of 1 M NaCl stress.
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values were <10�4 for all pairs and the lowest was for the
U-rich motifs in the 39 UTRs [E = 10�8]). Moreover, a
significant fraction of the mRNAs that were found to be
translationally affected by deletion of the HOG1 gene were
shown previously to be associated with Pub1p (Fig. 9C;
Duttagupta et al. 2005). These data may suggest that Hog1-
dependent regulation of many mRNAs is mediated by
Pub1p binding to specific sequence motifs in the UTRs.
Consistent with this hypothesis, Hog1p has previously been
shown to regulate the translation of an ARE-containing
mRNA in a manner that necessitates Pub1p (Vasudevan
et al. 2005).

Some of the translationally repressed genes in hog1D

were also significantly down-regulated in wild-type cells,
but to a lesser extent. This group mainly includes mRNAs
encoding ribosomal proteins. One probable explanation
for the more drastic response of these genes is that loss of
Hog1p results in stronger stress sensing by the mutated
strain, and therefore a stronger translation inhibition of
these mRNAs is apparent. Another possible explanation is
that large amounts of specific mRNAs accumulate in the
FM pool of hog1D cells, either from increased transcription
or slower decay rates, as discussed above. This will lead to

an apparent reduction in the P/FM
value as compared to the wild-type
strain.

The genes that showed reduced trans-
lation levels in the hog1D mutant com-
pared to the wild-type strain include
several stress responsive proteins, some
with a known role in response to high
salinity (HSP12, GPD1, PMC1, and
SNA3). HSP12 and GPD1 were not
induced also at their transcript levels
(see Supplemental Table 5). Interest-
ingly, also MSN2/MSN4 deletion
mutant failed to induce the translation
and transcript levels of HSP12 and
GPD1 (Figs. 5, 8). This might indicate
that Hog1p potentiates HSP12 and
GPD1 expression by the activation of
MSN2/MSN4.

Nine of the translationally reduced
genes (GRX2, TSA1, TRX1, YHB1,
SOD1, SED1, YDL124W, VMA4, and
CYS4) play a role in the adaptive
response to oxidative stress. The trans-
lation response to oxidative stress is
partially mediated by the protein kinase
Rck2 (Swaminathan et al. 2006), which
was shown to be phosphorylated by
Hog1p (Teige et al. 2001). Thus, it is
conceivable that Hog1p regulates the
translation of these genes through acti-
vation of Rck2.

Interestingly, a group of 32 genes was found to be
translationally up-regulated in hog1D compared to the
wild-type strain. About one third of this group is related
to mitochondrial function. Functional mitochondria have
been shown to be required for oxidative stress protection
(Grant et al. 1997). Since hog1D cells fail to activate the
translation of oxidative stress responsive genes, the trans-
lation of mitochondrial genes might be indirectly induced
to protect cells against oxidative stress.

Hog1p-independent translation

Most of the genes that were translationally regulated in the
wild-type strain following high salinity shock were not
affected by the loss of Hog1p. This finding implies that the
translational adaptation phase to a high saline environment
also requires some Hog1-independent mechanisms. One
possible mechanism is the potentiation effect we postulate
to be promoted by the Msn2/Msn4 general stress respon-
sive transcription factor. As discussed above, many of the
potentiated genes were found to be transcriptionally
regulated by Msn2/Msn4. Indeed, while Hog1p regulates
gene expression under low and modest osmotic challenge,

FIGURE 7. Comparisons of the transcriptome and translational response of hog1D and wild-
type strains to high salinity. (A) Average values of changes due to salt stress in the hog1D
transcriptome are plotted against the wild-type average change. The best-fit linear trend line
and two SD lines (dashed lines) are shown. (B–D) Comparison of hog1D and wild-type
changes in P/FM (B), FM (C), and P (D) due to salt stress. The results from one representative
experiment are shown. Genes that deviated by more than two SD from the trend line were
considered as translationally misregulated in hog1D cells. Note that for the analysis presented
in the Results, genes were further filtered based on the results from the other two experiments
(see Materials and Methods for filtration details).
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transcriptional regulation by these stress responsive factors
is favored under severe osmotic stress (O’Rourke and
Herskowitz 2004). Nuclear localization of Msn2/Msn4 in
response to stress requires decreased activity of the PKA
signaling pathway (Gorner et al. 1998) and inhibition of the
TOR signaling pathway (Beck and Hall 1999). Our results
show that following high salinity, translation of inhibitors
of either pathway (BCY1 and TIP41, respectively) is in-
duced. Therefore, the increased translation levels of these

two proteins probably serve as an addi-
tional mode of regulation for inhibiting
the two signaling pathways and, even-
tually, to promote the nuclear migration
of Msn2/Msn4 following high salinity
stress. Since none of these genes (BCY1
or TIP41) was translationally affected by
the loss of Hog1p, these modes of PKA
and TOR signaling regulation are prob-
ably Hog1p independent. Interestingly,
the TOR, but not the HOG, pathway
was shown to be required for resistance
to cation toxicity (Crespo et al. 2001;
Ye et al. 2006). Thus, it is possible that
some of the HOG-independent regula-
tion includes a response to the cation
toxic effect imposed by the sodium ions.

CONCLUSIONS

The work presented here describes the
translational response of yeast cells to

severe salinity stress and its relationship to the transcrip-
tome response. We identified the genes that follow the
global trend of translation repression and revealed that this
repression may be associated with accumulation of tran-
scripts as nontranslating pool. We also identified specific
groups of differentially translated mRNAs and provide
evidence that the regulation of some of them occurs
through a potentiation effect involving the stress-response
transcription factors MSN2/MSN4. Analysis of the hog1D

FIGURE 9. Sequence analysis of genes that are translationally regulated by Hog1. (A) Sequences upstream (100 nt) or downstream (200 nt) of
each of the affected ORFs were used for classification by the MEME algorithm (Bailey et al. 2006). Shown are motifs that were significantly
enriched in either upstream (59 UTR) or downstream (39 UTR) regions of the ORF. (B) Sequence motifs of Pub1 targets. Analysis was performed
as in A. The figure is reprinted with permission from Duttagupta et al. (2005); � 2005 the American Society for Microbiology. (C) Venn diagram
representing the number of mRNAs that were shown to be associated with Pub1p (Duttagupta et al. 2005) and the mRNAs that showed a Hog1-
dependent translation. The P-value for the overlap is 2.6e�10 (Fisher test).

FIGURE 8. Validation of hog1D translationally misregulated genes by Northern analysis. (A)
Sucrose gradients from wild-type (WT) or hog1D cells grown in rich medium (normal) or after
60 min growth in 1 M NaCl (salt) were fractionated to free and monosomal (FM) or polysomal
(P) mRNA. RNA samples were subjected to Northern analysis using the indicated probes. The
histogram presents the ratio between the P/FM of the deletion strain and the normal strain
after normalization according to the signals of the PHE mRNA. (B) Transcript changes. RNA
samples (5 mg each) from wild-type or hog1D cells grown either in normal or salt conditions
were subjected to Northern analysis. Black and gray bars represent the ratio of S to N signals in
the WT and deletion strain, respectively. Loading variations were corrected according to the
IPP1 signals.
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mutant reveals that translation regulation for a small
number of mRNAs occurs through the HOG pathway
and suggested a mediation of Pub1p in this regulation.
Whether this is through direct association of cytosolic
Hog1p with the translation machinery is yet to be
determined. Finally, translational regulation through the
HOG pathway represents only a minor fraction of the
regulation that occurs under high salinity stress. The results
presented herein provide data regarding the translational
response to a single solute concentration in a single time
point. Future studies will reveal the dynamics of the
translational response following other salt stress conditions.

MATERIALS AND METHODS

Yeast strains and growth conditions

The following Saccharomyces cerevisiae strains were used:
BY4741 (MATa; his3D1; leu2D0; met15D0; ura3D0), hog1D

(BY4741, Mat a, his3D1, leu2D0, met15D0, ura3D0 and
YLR113wTkanMX4) (Euroscarf), msn2D/msn4D (MATa, ura3-
52, trp1D, leu2-3,112, his3ThisG, ade2-R8, GAL+, CANS,
gal80ThisG, LEU2TIME1 IREu-his4-lacZ, msn2THIS3, msn4T
URA3) and its isogenic parental strain (kindly provided by Dr.
Yona Kassir, Technion—Israel Institute of Technology), and
TAP-tagged strains (Mat a ade2 arg4 leu2-3,112 trp1-289 ura3-52)
(Euroscarf numbers SC0520, SC3114, SC1684, SC0877). Cells
were grown at 30°C to mid-log phase (OD600 = 0.6) in YPD (1%
yeast extract, 2% peptone, 2% glucose). For salt stress, cultures
were harvested, centrifuged at 3000g for 5 min at room temper-
ature, washed once with doubly distilled water, resuspended in
YPD media supplemented with 1 M NaCl, and incubated at 30°C
for the time points specified in the Results section.

Polysomal analysis

Polysomes were isolated as previously described with minor
modifications (Arava et al. 2003). Briefly, a 50 mL culture
of yeast was harvested by centrifugation (3000g, 4 min, 4°C)
in the presence of 100 mg/mL cycloheximide. Following two
washes in 4 mL of lysis buffer (20 mM Tris-HCl at pH 7.4,
140 mM KCl, 1.5 mM MgCl2, 0.5 mM dithiothreitol, 100 mg/mL
cycloheximide, 1 mg/mL heparin, 1% Triton X-100), cells were
resuspended in 400 mL lysis buffer, transferred to a screw capped
microfuge tube supplemented with 1 mL chilled glass beads, and
lysed in a bead beater by two rounds of 90 sec pulses). The lysate
was transferred to a clean microfuge tube and centrifuged for
5 min at 8000g at 4°C. The supernatant was transferred to a clean
microfuge tube, supplemented with lysis buffer to 800 mL,
and loaded onto an 11 mL 10%–50% sucrose gradient (containing
20 mM Tris-HCl at pH 7.4, 140 mM KCl, 5 mM MgCl2, 0.5 mM
dithiothreitol, 100 mg/mL cycloheximide, 500 mg/mL heparin).
The gradient was centrifuged in a SW41 rotor (Beckman) at
35,000 rpm for 2.5 h, and polysomal profiles were determined
by monitoring RNA absorbance at 254 nm. Concurrently, the
gradient was fractionated into two fractions representing free and
monosomal RNA (FM) and polysomal RNA (P).

RNA preparation for microarray analysis

RNA from FM and P fractions was precipitated and purified
as previously described (Arava et al. 2003). Amino-allyl cDNA
synthesis was performed by standard procedures utilizing Improm
II Reverse Transcriptase (Promega) in the presence of 2 mM
amino-allyl dUTP and oligo-dT primer followed by Cy5 fluores-
cent dye (Amersham) coupling to the amino-allyl group. RNA
extracted from exponentially growing BY4741 strain and labeled
with Cy3-dUTP was used as a reference sample. Each cDNA
labeled from the fractionated RNA (FM or P) was mixed with
labeled reference RNA and hybridized to a DNA microarray
containing PCR products of all known and predicted S. cerevisiae
open reading frames. To study changes in mRNA abundances,
RNA was extracted from the same yeast cultures used for
polysomal analysis according to the hot phenol procedure
(Schmitt et al. 1990) and labeled with Cy3-dUTP (before salt
stress) or Cy5-dUTP (after salt stress), as described above.

Microarray scanning and data filtration

The DNA microarrays were scanned with a GenePix 4000B
apparatus (Axon Instruments) at two wavelengths to detect
emissions from both Cy5 and Cy3. The images were acquired
with GenePix Pro 5.1 software (Axon Instruments) and analyzed
with Acuity 4.0 software (Axon Instruments). To minimize
artifacts that can arise from low expression values, genes were
filtered out if less than 80% of their Cy3 or Cy5 raw intensity
values exceeded two standard deviations above background levels.
Genes with Cy5/Cy3 inconsistent raw intensities ratios (Rgn R2 <
0.6) or gene features that were smaller then 55 mm were also
removed.

Microarray data normalization

The polysomal data were normalized using Bacillus subtilis mRNA
spike-in mix derived from lys (ATCC no. 87,482), trp (ATCC no.
87,485), dap (ATCC no. 87,486), thr (ATCC no. 87,484), and phe
(ATCC no. 87,483) clones. The spike-in mix (80 pg/mL lys, 160
pg/mL trp, 200 pg/mL dap, 240 pg/mL thr, and 320 pg/mL phe) was
added in equal amounts (40 mL) to either FM or P fractions
immediately after gradient fractionation and to the reference RNA
samples (5 mL). About 20 spots per spike were spotted across the
complete grid of the microarray in a spatially even manner. Since
the spikes were added in equal amounts, any variation in their
signals between the two fractions was the result of differences in
preparation steps (e.g., RNA precipitation, reverse transcription,
and dye labeling) and could, therefore, be easily corrected.
Changes in mRNA abundances were normalized to the median
of the signal intensities ratios of all data points in the microarray.

Microarray data analysis

The data are based on three independent biological repeats for the
wild-type and hog1D strains under normal (N) or stress (S)
conditions. The PS/PN, FMS/FMN, and (P/FM)S/(P/FM)N values
of each biological repeat were multiplied by a constant value in
order to equalize their median values. Next, for each gene, the
average values for PS/PN, FMS/FMN, (P/FM)S/(P/FM)N, and TS/TN

were calculated from at least two experiments. Respectively, 80%,
80%, 66%, and 90% of the wild-type genes and 83%, 74%, 62%,
and 80% of the hog1D genes showed coefficient of variation (CV)
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values that were lower than 0.25. To identify gene candidates for
translation regulation under salt stress in the wild-type strain,
the PS/PN, FMS /FMN, and (P/FM)S/(P/FM)N average values were
plotted against the average values of changes in mRNA
abundances (TS/TN). Genes that deviated from the general linear
trend line by more than two standard deviations were selected. To
select for hog1D translationally misregulated genes, hog1D PS/PN,
FMS/FMN, and (P/FM)S/(P/FM)N values of one biological repeat
were plotted against their wild-type equivalents. Gene values that
deviated by more than two standard deviations in their (P/FM)S/
(P/FM)N ratio of one biological replicate and by more than one
standard deviation in at least one of the other two repeats were
collected. Of these, only those genes that showed a similar
deviation pattern in one of the other two criteria (PS/PN, FMS/
FMN) were selected.

Northern blot analysis

Total or polysomal RNA was isolated as described for the
microarray experiments from three independent samples.
Unfractionated RNA (5 mg) and equal volumes of FM and P
RNA were separated by electrophoresis, blotted, and hybridized,
essentially as described by Alwine et al. (1977).

Pulse labeling

TAP-tagged strains were grown in SD with the necessary amino
acids and without methionine to mid-logarithmic phase, and half
of the cells (3 mL) were shifted to the same medium supple-
mented with 1 M NaCl. Cells were grown for 40 min and then
labeled with 35S-methionine (z100 mCi) for another 20 min.
Translation was stopped by addition of cycloheximide to a final
concentration of 0.1 mg/mL and, cells were immediately cooled
and spun down. Cell pellets were resuspended in 350 mL IP buffer
(50 mM HEPES KOH at pH 7.5, 140 mM NaCl, 1 mM EDTA, 1%
Tritone, 0.1% Na-deoxycholate, 1 mM PMSF, 0.5 mg/mL leupep-
tin, and 0.7 mg/mL pepstatin) and lysed in a bead beater. Lysates
were cleared by centrifugation for 10 min at 10,000 rpm and
subjected to IP by mixing with 40 mL of IgG sepharose beads (GE
Healthcare Cat number 17-0969-01, prewashed three times with
IP buffer) for 2 h at 4°C. Beads with their bound complexes were
precipitated and washed three times with 1 mL IP buffer. Labeled
proteins were then eluted from the beads by cleavage with 5 units
of TEV protease (Invitrogen Cat. number 12575-015) for 2 h at
16°C, in 40 mL of TEV buffer (50 mM Tris at pH 8, 0.5 mM
EDTA, and 1 mM DTT). Beads were removed by centrifugation
at 3000 rpm for 1 min and the supernatant was mixed with 23

Laemmli buffer and a fifth was analyzed on SDS-PAGE.

Data deposition

Microarray data have been deposited in the GEO database at
NCBI.
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