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Saccharomyces cerevisiae produces a massive increase in transcript
abundance in response to stress
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Abstract

Background: As carbon sources are exhausted, Saccharomyces cerevisiae cells exhibit reduced
metabolic activity and cultures enter the stationary phase. We asked whether cells in stationary
phase cultures respond to additional stress at the level of transcript abundance.

Results: Microarrays were used to quantify changes in transcript abundance in cells from
stationary phase cultures in response to stress. More than 800 mRNAs increased in abundance by
one minute after oxidative stress. A significant number of these mRNAs encode proteins involved
in stress responses. We tested whether mRNA increases were due to new transcription, rapid
poly-adenylation of message (which would not be detected by microarrays), or potential release of
mature mRNA present in the cell but resistant to extraction during RNA isolation. Examination of
the response to oxidative stress in an RNA polymerase || mutant, rpbl-I, suggested that new
transcription was not required. Quantitative RT-PCR analysis of a subset of these transcripts
further suggested that the transcripts present in isolated total RNA from stationary phase cultures
were polyadenylated. In contrast, over 2,000 transcripts increased after protease treatment of cell-
free lysates from stationary phase but not exponentially growing cultures. Different subsets of
transcripts were released by oxidative stress and temperature upshift, suggesting that mRNA
release is stress-specific.
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Conclusions: Cells in stationary phase cultures contain a large number of extraction-resistant
mRNAs in a protease-labile, rapidly releasable form. The transcript release appears to be stress-
specific. We hypothesize that these transcripts are associated with P-bodies.
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Background

Quiescence is the most common state of cells on earth [1] and
mechanisms for entry into, survival during, and exit from this
state are thus likely to be highly conserved. In many cases the
signal for quiescence has been identified for both eukaryotes
and prokaryotes. For example, in microbes, quiescence is
induced in response to various environmental signals. For
Saccharomyces cerevisiae, the primary signal appears to be
carbon starvation [1,2], although other nutrient limitations
have been shown to induce a somewhat similar cellular arrest
[3]. In more complex eukaryotes, the quiescent state is regu-
lated by hormones and growth regulators and is important
both in health, for example, for wound healing and the lon-
gevity of cells such as neurons [4] and oocytes [5], and in dis-
ease, such as cancer [6] and tuberculosis [7]. Thus, for all
organisms, including prokaryotes, the ability to enter, survive
in, and exit this state quickly and efficiently provides a selec-
tive advantage over evolutionary time [8] and is highly regu-
lated [1].

S. cerevisiae cells entering the quiescent state undergo phys-
iological and morphological changes that allow them to sur-
vive for long periods of time without added nutrients and
passively resist environmental stresses [1,2]. Cells in station-
ary phase cultures accumulate glycogen and trehalose,
develop a thickened cell wall, and become resistant to stresses
such as increased temperature and oxidative stress [1,2].
Resistance to temperature stresses can be at least partially
explained by the induction of HSP104 [9] and to oxidative
stress by the accumulation of catalase [10], superoxide dis-
mutase [11] and glutathione [12] soon after the diauxic shift.
However, it was not known whether cells in stationary phase
cultures could alter transcript abundance in response to addi-
tional stress.

Oxidative stress is one of the major stresses encountered by
quiescent cells and many genes required for survival in sta-
tionary phase encode proteins, such as glutathione trans-
ferase and catalase, required for protection from oxidative
stress [13]. In the absence of protection from oxidative stress,
every type of macromolecule in the cell can be damaged [13].
Paradoxically, mitochondrial activity, which produces free
radicals, is essential for survival in stationary phase [14].
Thus, the stress resistance that develops in cells as cultures
enter stationary phase must be enough to protect the cell from
typical levels of oxidative stress. However, the sensitivity of
cells to oxidative stress, the requirement for mitochondrial
function, and the reduced rates of transcription [15] and
translation [16] in stationary phase that would make a rapid
response difficult, might put cells in stationary phase cultures
in a precarious position if they were to experience additional
stress.

In this study, menadione (2-methyl-1,4-naphthoquinone)
was used to generate oxidative stress. Menadione causes oxi-
dative stress through two mechanisms. First, it increases oxi-
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dation of NADH and NADPH, resulting in the production of
reactive oxygen species (ROS) through redox-cycling [17],
which can lead to damage of DNA and other macromolecules
[13]. Second, menadione conjugates with the free radical-
scavenger glutathione, effectively reducing its concentration
[18]. Both maintenance of redox potential and glutathione are
known to be essential for survival in stationary phase [14].

In this study we wanted to determine whether cells in station-
ary phase cultures had an active response to oxidative and
temperature stress at the level of changing transcript abun-
dance. Microarray analysis of mRNA isolated from menadi-
one-stressed cells revealed an increase in transcript
abundance within one minute of exposure. This response did
not require new transcription or poly-adenylation of tran-
scripts. Instead, the full-length mRNAs involved in this
response were present in the cell in extraction-resistant, pro-
tease-labile complexes. Differences between transcripts
released in response to oxidative and temperature stress and
after protease treatment further suggested that subsets of
transcripts are released in a stress-specific manner.

Results

Stationary phase mRNAs exhibit four patterns of
response to oxidative stress

To determine whether cells in stationary phase cultures could
respond to stress by changes in transcript abundance, cells
were harvested at 30 minute time intervals after the addition
of 50 UM menadione (final concentration). For time course
experiments, total RNA was isolated using the modified Gen-
tra method (see Materials and methods). A carbon source was
not added to ensure that metabolic activity would be low and
constant and that any changes in transcript abundance would
be due to stress and not to re-feeding.

Four patterns of change in mRNA abundance were observed
over the eight hour time course (Figure 1; Additional data file
1). Similar patterns were identified by hierarchical clustering
(Figure 1), K-means, and SOM(self-organizing maps) (not
shown). By 30 minutes, two groups of transcripts (groups 1
and 2), comprising 1,000 mRNAs, showed 2- to 3-fold
increases in abundance (Figure 1b, blue and red lines).
Another group of transcripts (group 3) remained unchanged
for about three hours and then increased three-fold (Figure
1b, black line). The fourth group of transcripts decreased in
abundance (Figure 1b, green line). We concluded from these
results that cells in stationary phase cultures could respond to
additional environmental stress at the level of transcript
abundance and that the response was rapid and relatively
complex.

Groups 1 and 2, which increased by the first time point, dif-
fered in their patterns of expression over subsequent time
points (Figure 1b, blue and red lines). Group 1 (616 tran-
scripts) increased as much as three-fold by the first 30 minute
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Figure |

Time course at 30 minute intervals in cells from stationary phase cultures
exposed to 50 tM menadione. (a) Heat map of results from unsupervised,
hierarchical clustering (Pearson's centered, average-linkage) of
approximately 2,800 transcripts. Microarrays were of samples taken at 30
minute intervals over 8 hours. The color scale at the bottom indicates the
log, values of changes in mMRNA abundance. (b) Median values for the four
major temporal patterns of gene expression identified on the right side of
the heat map in (a). RNA was isolated using the modified Gentra method
described in Materials and methods.

time point and was relatively constant thereafter (Figure 1b,
red line). A relatively large percentage (12%, p < 104) of the
mRNAs in this group encode proteins with functions related
to stress responses, including the bZip transcription factor,
YAP1 [19] and other proteins associated with oxidative-stress
resistance, such as the superoxide dismutase genes SOD1 and
SODz2 [20], thioredoxins TRX2, TSA1, PRX1, TRR1 and TRR2
[21], and cytochrome-c peroxidase CCP1 [22] (Additional
data file 1). Transcripts encoded by DNA repair/damage
response genes, including NTG1 [23], DNA2 [24], DIN7 [25],
were also in this group. Group 2 (474 transcripts) increased
by the first time point and began to decrease within two to
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four hours (Figure 1b, blue line). A large and significant per-
centage of these transcripts (25%, p <1071°) encode proteins
required for ribosomal biogenesis and processing.

Group 3, comprising 475 transcripts, remained relatively
unchanged for the first 4 hours and then gradually increased
about 3-fold above T, levels (Figure 1b, black line). A signifi-
cant number of mRNAs in this group (10%, p <104) encode
proteins associated with the proteosome, including ubiquitin
(Ubigp), polyubiquitin [26], Doaip, which is involved with
ubiquitin-mediated protein degradation [27], and the ubiqui-
tin-conjugating enzymes Cdc34p [28] and Rad6p [29] (Addi-
tional data file 1). Also in this group are mRNAs that encode
components of the proteasome core complex, including
PUP2, PUP3, SCL1, and PRE1-10 [30].

Group 4, comprising 170 transcripts, decreased approxi-
mately 4-fold in abundance within the first 30 minutes and
remained constant thereafter (Figure 1b, green line). A signif-
icant number of mRNAs in this group (p <102) encode pro-
teins associated with DNA and phospholipid binding
(Additional data file 1). We concluded from these results that
there are coordinated changes in the abundance of transcripts
encoding proteins with a variety of functions, including ribos-
ome processing and biogenesis and response to stress, espe-
cially response to oxidative stress.

Oxidative stress induced a rapid increase in a large
number of mMRNAs

To determine the rate of the initial response to oxidative
stress, shorter time intervals were needed. To sample more
frequently while maintaining culture sterility, we designed
and built a pneumatic device that can sample cells in culture
at intervals as short as ten seconds [31]. Using this device,
cells were harvested at 1 minute time points for the first 35
minutes with an added time point at 1 hour. Surprisingly, a
large group of mRNAs increased significantly by the first time
point (1 minute) and a much smaller group of mRNAs
decreased (Figure 2a; Additional data file 2). After the first
time point, transcript abundance remained constant. Analy-
sis of the first time points for both the 30 minute and 1 minute
interval time courses revealed 508 transcripts that increased
by 2-fold or more in both time courses. We concluded that the
same response was detected in both experiments. Because the
rate of transcription is known to be very low in cells in station-
ary phase cultures in the absence of an added carbon source
[15] and this response has been shown not to be an artifact of
automated sampling [31], the source of these transcripts was
puzzling.

We hypothesized the rapid increase in transcripts in response
to oxidative stress was due to one or more of three potential
mechanisms. First, the apparent increase in transcripts could
be due to new transcription. This seemed unlikely because the
cells for these experiments were not given a carbon source
during the oxidative stress and would be expected to have
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Figure 2

Time course at | minute intervals in cells from stationary phase cultures
exposed to 50 uM menadione. (a) Heat map of results from unsupervised
hierarchical clustering (Pearson's centered, average-linkage) of
approximately 2,000 transcripts from samples harvested at | minute
intervals for 35 minutes with an additional sample taken at one hour. (b)
Median values for the two major temporal patterns of changes in mMRNA
abundance plotted from the median values of mMRNAs clustered in (a).
RNA was isolated using the modified Gentra method described in
Materials and methods.

very low metabolic activity. Second, the transcripts might
'appear’ to increase if they lacked a poly(A)+ tail because
oligo-dT is used to prime cDNA synthesis for microarrays
and, thus, non-polyadenylated transcripts in solution would
not be detected. Rapid polyadenylation is known to occur in
other systems, including during Xenopus oocyte development
as well as during the dorsal ventral patterning of the Dro-
sophila embryo [32]. A third possibility was that transcripts
might not be detected if they were not present in total RNA
isolates because they were resistant to extraction, for exam-
ple, by being in a complex with some structural component in
the cell, but were solubilized or released after a stress. This

SO S2 S30 PO P2 P30 MO M2 M30

(- 2.00) (2.00)

log ,

Figure 3

Time course of gene expression in wild type (S), parental (P), and rpb/-1
mutant (M) stationary phase cultures exposed to 50 UM menadione for 0,
2, and 30 minutes. Heat map of results from unsupervised hierarchical
clustering (Pearson's centered, average-linkage). Approximately 1,000
transcripts were included in this analysis. Samples were taken at T, T,,
and T3, minutes after exposure to 50 UM menadione. The color scale at
the bottom indicates the log, values for changes in mMRNA abundance.

would result in an apparent increase in abundance. If mature
RNAs were sequestered in a protein complex, such as stress
granules [33] or P-bodies [34], these RNAs would not typi-
cally be present in total RNA preparations because one of the
first steps in all RNA extraction protocols is selective precipi-
tation of proteins.

Increased mRNA abundance was not due to de novo
transcription

To determine whether new transcription was responsible for
transcript increases, stationary phase cultures of a tempera-
ture-sensitive RNA polymerase II mutant (rpbi-1) [35], an
RPB1 parental, and the wild-type S288c strain were incu-
bated for three hours under non-permissive conditions for
the rpbi-1 mutant (36°C) prior to oxidative stress. By two
minutes after menadione exposure, transcript abundance
increased dramatically in all three strains (Figure 3).
Although there were some differences between these strains,
267 transcripts were identified that increased in all three
(Additional data file 3). We concluded from these results that
new transcription was an unlikely source for the rapid
increase in mRNA after exposure to menadione.

Increased mMRNA abundance was not the result of rapid
polyadenylation

To test the second hypothesis that transcripts were present in
isolated total RNA but lacked poly(A)+ tails, we carried out
quantitative RT-PCR analysis on ¢cDNA samples synthesized
using oligo-dT or random hexamer primers. Oligo-dT would
not prime cDNA synthesis from non-adenylated transcripts.
To determine whether partial transcripts were present,
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Quantitative RT-PCR analysis to detect presence of non-adenylated
transcripts in T samples and samples 2 minutes after oxidative stress (T,).
cDNA was synthesized using oligo-dT (to identify polyadenylated
transcripts) or random hexamer primers. To determine if 5' or 3' ends of
transcripts were more abundant, primer pairs were made to amplify 3' or
5' ends of each of four transcripts. Fold change represents the difference in
abundance of 5' or 3' ends of transcripts in cDNAs synthesized using
random hexamers versus oligo-dT primers. Measurements were obtained
by quantitative RT-PCR and error bars represent the standard deviation of
three measurements. The red horizontal bar at Fold Change = | indicates
no difference in transcript abundance between oligo-dT-primed cDNA
and random hexamer-primed cDNA. If non-adenylated transcripts were
present, Fold Change > | would be expected.

primer pairs that would amplify small fragments from either
5' or 3' ends of four transcripts (RPL38, TEF1, SOD1, and
YAP1) that increase significantly after oxidative stress were
used. Fold changes between random hexamer-primed and
oligo-dT-primed cDNAs were less than one (indicating that
more mRNAs were reverse transcribed using oligo-dT prim-
ers). In addition, fold changes were not significantly different
at T, or T, nor were there major differences in fold change
between the 5' or 3' end of any of the four transcripts (Figure
4). We concluded from this that all the transcripts seen at T,
and T, were polyadenylated; thus, partial transcripts did not
make up a significant percentage of all transcripts. Although
a small number of transcripts were evaluated, these results
provide evidence that the increase in transcript abundance
detected by microarray analysis was not due to the presence
of mRNA lacking a poly(A)+ tail but from real differences in
mRNA abundance in the isolates.

Protease treatment of cell free lysates resulted in
increased mRNA abundance in cells from stationary
phase but not exponential cultures

To test the third hypothesis that the mRNA was present in the
cell but resistant to extraction during RNA isolation, cell-free
lysates obtained after breaking open cells and precipitating
cell debris were tested. Lysates from T, and T, samples (at T
= 0 and 2 minutes after menadione exposure) were incubated
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in buffer or with one of three different proteases, trypsin, pro-
teinase K, or Qiagen protease, for 1 hour at 4°C prior to pro-
tein precipitation. Protease digestion was monitored by SDS-
PAGE (Additional data file 4). Because the initial cell-free
lysate in our RNA isolation protocol is aqueous, it was possi-
ble to use protease treatment to determine whether there was
protease-labile RNA present. In RNA isolation protocols in
which the initial lysis is done with phenol chloroform, pro-
tease treatment is not possible.

Approximately 2,100 transcripts from total RNA from To
samples exhibited 2- to 128-fold increases after trypsin treat-
ment (Figure 5, lanes 1 and 2: Additional data file 5). Many of
these same transcripts increased after two minutes of expo-
sure to menadione (without trypsin treatment) (Figure 5, lane
3). However, the increases in transcript abundance after
exposure to menadione were less than after trypsin treat-
ment. When T, samples were treated with trypsin, transcripts
increased to the level seen in trypsin-treated T, samples (Fig-
ure 5, lanes 3 and 4). Digestion of T, samples with proteinase
K resulted in similar increases of a larger number of tran-
scripts (Figure 5, lanes 5 and 6), while treatment with Qiagen
protease resulted in increases in fewer transcripts (Figure 5,
lanes 7 and 8). We suspect that the lower efficiency of Qiagen
protease may be a function of substrate specificity. We con-
cluded from this result that RNAs were present in T, cells and
by two minutes after menadione exposure most transcripts
were in a soluble form. Because these transcripts are released
by protease treatment it is likely that they are in complex with
protein that is precipitated during most RNA isolation proto-
cols. Finally, because the transcripts released by protease
digestion of lysates were detected using oligo-dT primers for
cDNA synthesis, we concluded that these transcripts were
polyadenylated.

Because most studies of yeast are carried out using exponen-
tially growing cultures, it was of interest to determine
whether protease-labile mRNA was also present in dividing
cells. Lysates incubated with trypsin, proteinase K, Qiagen
protease or buffer only prior to RNA isolation revealed that
few, if any, transcripts were in a protease-labile complex in
these cells (Figure 5, lanes 9 to 14; Additional data file 5). Of
the 16 transcripts that were common to trypsin- and protein-
ase K-treated lysates, six, YRB2, STV1, VPS28, DSS4, SRO7,
and SGE1, encode proteins involved in intracellular transport
and establishment of cellular localization. The small group of
transcripts that increased after treatment with all three pro-
teases (five genes), suggests that only a few genes are protease
labile in these cells. The differences in transcripts that
increase after treatment with the three proteases suggests
that, if protease-labile, extraction-resistant mRNAs are
present in dividing cells, the complexes may be more hetero-
geneous. Many transcripts show small decreases in abun-
dance with protease treatment that could result from a
relatively small change in the mRNA to total RNA ratio in
these samples after protease treatment. We concluded from
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Figure 5

mRNA abundance in samples treated with or without protease. Unsupervised hierarchical clustering (Pearson's centered, average-linkage) of
approximately 3,800 transcripts. Samples were incubated with buffer alone (-) or protease (+): trypsin (T), proteinase K (K), Qiagen protease (P). Results
were normalized to untreated samples (lanes I, 5,7, 9, |1, or 13). Lanes | to 8: samples from stationary phase cultures. Lanes 3 and 4: stationary phase
samples 2 minutes after treatment with menadione (+). Lanes 9 to 14: exponential samples treated with or without protease. The color scale at the
bottom represents the log, values for changes in mMRNA abundance.
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mRNA abundance in samples isolated using two different RNA isolation
methods or treated with proteinase K. Unsupervised hierarchical
clustering (Person's centered, average-linkage) of approximately 4,000
transcripts. RNA was isolated from unstressed cells from stationary phase
cultures using the modified Gentra isolation method, hot phenol, or
treated with proteinase K. Results were normalized to samples isolated
using our RNA isolation method. Biological replicates for each RNA
isolation method are shown. The color scale at the bottom represents the
log, values for changes in mMRNA abundance.

these results that extraction-resistant mRNA, which provides
a major pool of mature mRNA in cells from stationary phase
cultures, plays a small role, if any, in mRNA pools in non-
stressed cells from exponentially growing cultures.

Hot phenol extraction in the absence of protease
treatment does not solubilize the majority of protease-
labile mRNA in cells from stationary phase cultures
Although our RNA isolation protocol, which includes an ini-
tial aqueous lysis step, allowed us to treat the lysates with pro-
teases prior to protein precipitation, it was possible that a
potentially more disruptive RNA isolation technique might
solubilize these transcripts in the absence of protease treat-
ment. To test this hypothesis we isolated total RNA from
unstressed cells from stationary phase cultures using hot phe-
nol and compared these results with RNAs isolated after
trypsin treatment. Transcript abundance was quantified
using both microarray analysis (Figure 6) and quantitative
RT-PCR (Additional data file 6). When compared with our
RNA isolation protocol, replicate analysis mRNA extracted
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with hot phenol revealed that a small percentage of tran-
scripts were solubilized more effectively with hot phenol
while a larger percentage of mRNA was isolated more effi-
ciently in our protocol. We concluded, after comparing
mRNAs isolated by either protocol with transcripts isolated
after proteinase K treatment, that neither protocol was as
effective as the isolation including protease treatment.
Quantitative RT-PCR corroborated these findings for a small
number of transcripts (Additional data file 6). Although nei-
ther standard RNA isolation protocol was as effective as pro-
teinase treatment, the differences between the two extraction
protocols suggest that transcripts may bind to intracellular
components with very different affinities and be extracted dif-
ferentially by the two procedures.

mRNA released in response to oxidative stress was a
subset of protease-labile mRNA

To determine the overlap between transcripts released after
oxidative stress and proteinase K treatment, we compared
transcripts from 30 minute and 1 minute oxidative stress time
courses and after proteinase treatment of T, samples (Figure
7). Although there were transcripts exclusive to each treat-
ment, 65% of all transcripts that increased in response to
oxidative stress also increased after proteinase K treatment.
For both the 30 and 1 minute time courses, a significant
number of transcripts that increased in response to oxidative
stress also increased after proteinase K treatment (p <1 x 10
15 for both). In contrast, only 45% of the transcripts that
increased after proteinase K treatment of unstressed cells
from stationary phase cultures also increased in response to
oxidative stress. This is consistent with the earlier observa-
tion that many transcripts are present in a protease-labile
form in cells two minutes after oxidative stress (Figure 5,
lanes 3 and 4) and suggests that sequestered transcripts are
present in these cells 30 minutes after oxidative stress.

mMRNA release was stress specific

Finally, to examine whether mRNA released from protein
complexes is stress specific, we determined the overlap
between transcripts that increased at least two-fold after oxi-
dative stress (1 minute), temperature upshift (30°C to 39°C
for 30 minutes), and proteinase K treatment (Figure 8) of
stationary phase samples. As seen above (Figure 7), a signifi-
cant percentage of transcripts that increased after oxidative
stress also increased after proteinase K treatment. Likewise, a
significant percentage (52%, p = 9.58 x 105) of transcripts
that increased after a temperature upshift (Additional data
file 77) also increased after proteinase K treatment. Interest-
ingly, only 45 transcripts were found to increase in response
to both oxidative stress and a temperature upshift. This rep-
resented 16% and 5% of transcripts increased in response to
temperature upshift and oxidative stress, respectively. The p
value of 0.28 for this overlap indicated that transcripts
released in response to oxidative stress and by temperature
upshift showed no significant similarity. Consistent with ear-
lier results, only 28% of proteinase K-labile transcripts

Genome Biology 2006, 7:R9

Aragon et al. R9.7

-
o
®
e
I
o
o
-
I
4
0
8
8
[o]
>




R9.8 Genome Biology 2006, Volume 7, Issue 2, Article R9 Aragon et al. http://genomebiology.com/2006/7/2/R9
1-minute 30-minute
1-minute 30-minute oxidative temperature
interval interval stress upshift
1868
. Proteinase K
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Figure 7 Venn diagram of transcripts that increased by | minute after oxidative

Venn diagram of transcripts that increased after oxidative stress or
proteinase K treatment of T cell lysates. Transcripts were evaluated that
had a >2-fold increase in abundance by | and 30 minutes after oxidative
stress or after proteinase K treatment. Transcripts were also required to
have good spots in 80% of the time points.

increased in response to either stress; that is, 72% of the tran-
scripts that increased in response to proteinase K treatment
were not increased after either stress. From these results we
concluded that: there is a large pool of protease-labile mRNA
that are not released in response to either of the stresses
tested here and that may be released in response to other
environmental signals, such as re-feeding [14]; and protease
labile mRNAs appear to be released from protein-mRNA
complexes in a stress specific manner.

Discussion

We found that yeast cells in stationary phase cultures exhib-
ited a rapid, non-transcriptional response to oxidative stress
resulting in the apparent increase in abundance of hundreds
of transcripts. These mRNAs were present as intact messages
that appear to be bound to protein in cells in stationary phase
cultures. The extraction-resistant transcripts encode proteins
that are known to be induced after oxidative stress, DNA
repair, and ribosome processing and assembly. Although
there is little translation occurring at this time [16], it seems
likely that this response could lead to more rapid translation
of stress-response proteins if a carbon source becomes
available.

Rapid changes in transcript abundance in cells from station-
ary phase cultures have also been reported in response to
other environmental signals. For example, by the first 5 or 10
minute time point after re-feeding cells in stationary phase
cultures, there were significant increases in over 1,000
transcripts [14,36]. The major overlaps in RNAs that
increased during both exit from stationary phase and in
response to oxidative stress encoded ribosome processing
proteins and ribosomal proteins. This response has not yet

stress, 30 minutes after temperature upshift, or after proteinase K
treatment of T cell lysates. Transcripts used for this analysis were filtered
as described in Figure 7.

been shown to result from release of extraction-resistant
mRNA and it was recently reported that inactive RNA
polymerase II is positioned on many genes that are induced
early during exit from stationary phase [37]. We believe that
the rapid response in cells from stationary phase cultures
after re-feeding is likely to be a combination of very fast tran-
script release and subsequent transcription. We hypothesize
that specific transcript release in cells in stationary phase cul-
tures is a mechanism to allow cells that have very low meta-
bolic rates to respond as quickly as possible to environmental
conditions, in preparation for the activation of transcription
and translation.

Interestingly, there is a 40% overlap between transcripts that
increase by 1 minute in this study and transcripts that
increase by the first time point (10 minutes) after oxidative
stress in exponential cells [38]. Because we found little evi-
dence for extraction resistant mRNA in exponential cells, the
rapid increase in mRNA abundance in the study of Gasch et
al. [38] is likely the result of transcription. We hypothesize,
based on the overlap between these data sets and the observa-
tion that RNA polymerase II is positioned on the promoters of
many of these genes in stationary phase [37], that the cell is
programmed to increase the abundance of this group of tran-
scripts in response to stress under any condition. When cells
are growing, increased transcription would lead to induction
of these transcripts, whereas in stressed cells, sequestration
and transcript release would allow increases in 'apparent'
transcript abundance.

Previously, increases in transcript abundance in response to
stress have always been assumed to be the result of transcrip-
tion and decreases the result of decreased transcription and/
or increased turnover. For example, when transcripts
decrease after the diauxic shift or when the Tor pathway is
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inhibited, it was assumed to result from mRNA degradation
[39,40]. mRNA sequestration has not generally been consid-
ered to be a major factor in the dynamics of mRNA abun-
dance. Approximately half of the transcripts that increase
after proteinase K treatment of T, samples also decrease after
the diauxic shift as cultures enter stationary phase [37,38].
Thus, our results provide another hypothesis for these obser-
vations, that inactivation of TOR1 or cAMP-dependent pro-
tein kinase (PKA) or both, which is required at the diauxic
shift during the post-diauxic phase [1] stimulates the accumu-
lation of mRNA in RNA-protein complexes in stationary
phase cultures.

Two known protein-mRNA complexes could be involved in
mRNA sequestration in cells from stationary phase cultures:
stress granules and P-bodies. Stress granules, not previously
identified in S. cerevisiae, are protein-RNA complexes that
accumulate in response to various stresses, including oxida-
tive stress in mammalian and plant cells [33]. These granules,
which have been studied primarily microscopically, are cyto-
plasmic, accumulate pre-initiation complexes that contain as
much as 50% of the total poly(A)* RNA in a cell, and decrease
in abundance within 60 to 90 minutes when translation rates
increase and conditions become favorable for growth [41,42].

P-bodies have been identified in S. cerevisiae and accumulate
in yeast cells in stationary phase cultures [43]. Although P-
bodies are generally considered to be sites of mRNA decap-
ping and deadenylation [44], they have been hypothesized to
be sites of mRNA storage [34]. P-bodies are similar to mam-
malian stress granules in that there is a direct correlation
between their appearance and abundance and the rate of
translation. P-bodies have recently been shown to increase
significantly in size as cultures enter stationary phase [43]
and contain mRNA that can be released from protein com-
plexes and re-enter translation [45]. Thus, it is likely that P-
bodies are the site of mRNA sequestration in cells in station-
ary phase cultures. Although these two complexes have been
studied for many years, this is the first genomic evidence for
the extent and specificity of mRNA sequestration in P-bodies
in yeast and the rate at which transcripts can be released from
these complexes.

In conclusion, the ability of yeast cells in stationary phase cul-
tures to respond to stress in the absence of added nutrients by
releasing extraction resistant mRNAs provides important
insight into the physiology of quiescent cells and the dynam-
ics and regulation of stress responses. It also leads to further
questions about the specificity, regulation, and development
of this response. Finally, it underscores the potential signifi-
cance of investigating cellular processes and responses dur-
ing other, less-studied stages of the life cycle.
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Materials and methods

Website

Supplemental information and more detailed protocols are
available at [46].

Growth conditions

MATo S288c (his3 leuz-3, 112 lys2 trp1 ura3-52) cells were
grown in YPD+A (1% yeast extract, 2% peptone, 2% D-glu-
cose, and 0.04 mg/ml adenine) with aeration at 30°C for 7
days (to ODg,, 20-24). Rapidly dividing (exponential) cells
were collected after overnight growth (ODg,, 1-2) under the
same conditions.

Cell harvesting

Cells from stationary phase and exponentially growing cul-
tures were collected to serve as a common reference for all
experiments. Several cell samples were taken prior to expo-
sure to menadione to serve as a T, reference. For oxidative
stress menadione was added from a 500 uM stock to a final
concentration of 50 uM. For the 30 minute time interval time
course, cells were collected by pipette every 30 minutes for 8
hours. Cell viability was constant for at least 8 hours after
exposure to this concentration of menadione (data not
shown). For the second time course, an automated-sampling
device [31] was used to collect cells at 1 minute intervals for 35
minutes, with a final time point at 1 hour. For both time
courses, cells were harvested and analyzed in duplicate by
microarrays. For temperature upshift, cultures were grown to
stationary phase at 30°C, shifted to 39°C, and cells harvested
by pipette every 30 minutes for 8 hours.

Experimental design

A random block design [47] was used to eliminate artificial
sources of periodicity that may be introduced due to specific,
constant ordering of time course samples during RNA isola-
tion, cDNA labeling or hybridization, as well as to avoid con-
founding factors throughout the experiment. In a randomized
block design, each time course is treated as a single block and
samples within a time course were randomized for RNA iso-
lation and re-randomized for both c¢DNA labeling and
hybridization.

RNA isolation

For RNA isolation (Additional data file 8), a modified Gentra
protocol was used. Briefly, 20 ODg,,, of cells from exponential
phase or 30 ODg,,, of cells from stationary phase cultures
were lysed at 4°C in 300 pl of Cell Lysis Solution (Gentra,
Minneapolis, MN, USA) using 0.5 mm glass beads (Sigma, St
Louis, MO, USA) and a mechanical bead beater (Biospec
Products, Bartlesville, OK, USA) at 4,800 rpm. Lysis was car-
ried out in 6, 30-second bursts alternating with 30 seconds on
ice. Samples were spun at 13,000 x g for 3 minutes at 4°C.
After centrifugation, 100 ul of Protein-DNA Precipitation
Solution (Gentra) was added to the supernatant and samples
were incubated on ice for 5 minutes. Protein-DNA precipitate
was pelleted at 13,000 x g for 3 minutes at 4°C. RNA was
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precipitated using 300 pl 100% isopropanol and pelleted by
centrifugation. After centrifugation, RNA was resuspended in
DEPC (diethylpyrocarbonate)-treated H,O and a phenol-
chloroform (5:1) 'back extraction' was performed (Ambion,
Austin, TX, USA). RNA was precipitated overnight in 0.1
volume of 0.5 M NH,OAc and 2.5 times the volume of 100%
ethanol and subsequently purified using a Qiagen RNeasy kit
(Qiagen, Alameda, CA, USA). RNA quality was evaluated
using a Bioanalyzer 2100 (Agilent, Palo Alto, CA, USA).

For hot phenol extractions, 30 ODy,,, of cells from stationary
phase cultures were resuspended in 1 ml of sodium acetate
buffer (50 mM sodium acetate, 10 mM EDTA, 0.1% SDS) and
an equal amount of saturated phenol (Fisher Scientific, Pitts-
burgh, PA, USA) at 65°C. Samples were incubated at 65°C for
10 minutes, with vortexing every 1 minute for 10 seconds.
Samples were spun for 10 minutes. The aqueous phase was
then transferred to 1 ml of saturated phenol, vortexed for 1
minute and spun for 10 minutes. After the previous step was
repeated the aqueous phase was transferred to 1 ml of chloro-
form (Sigma), vortexed for 45 seconds, and spun for 5 min-
utes. RNA was precipitated with 0.1 volume of 3 M Na Ac pH
5.2 and 2 times the volume of 100% ethanol at -20°C for 1
hour. RNA was pelleted by centrifugation, washed with 70%
ethanol, and RNA was resuspended in DEPC-treated H,O.
RNA quality was evaluated using a Bioanalyzer 2100
(Agilent).

Array printing and slide treatment

UltraGAPS slides (Corning, Corning, NY, USA) were printed
using an OmniGrid 100 Arrayer (GeneMachines, San Carlos,
CA, USA) with SMP4 printing pins (TeleChem, Sunnyvale,
CA, USA). The yeast genomic oligonucleotide set (containing
70-mers corresponding to 6,307 open reading frames; Qia-
gen) was resuspended in 3x SSC to a final oligonucleotide
concentration of 40 uM, and used to print the slides.

During printing, the relative humidity was maintained
between 50% and 52% and the ambient temperature was
maintained between 21°C and 23°C. After printing, slides
were UV cross-linked at 9o mJ in a UV Stratalinker 1800
(Stratagene, La Jolla, CA, USA) and baked at 80°C overnight.
For validation and quality control, slides were scanned after
pre-hybridization treatment (see below) to screen for spot-
localized contamination [48]; SYBR green II staining (Invit-
rogen, Carlsbad, CA, USA) was used to test for DNA binding;
and reproducibility experiments to test slide-to-slide repro-
ducibility were carried out prior to and in each experiment.
Typically, slide-to-slide standard deviation was in the range
of 0.08 log, units for expression ratios.

Preparation of labeled cDNA

A modified direct-labeling protocol [49] was used to fluores-
cently label cDNA with Cy3-dCTP or Cy5-dCTP (Amersham
Biosciences, Piscataway, NJ, USA) using the Corning Micro-
array Technologies (CMT) Yeast Array 9/00 protocol (Corn-
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ing; Additional data file 9). Total RNA (20 ug) from
experimental samples were reverse transcribed to cDNA
labeled with Cys. A common reference sample RNA (20 pg of
stationary phase and exponential RNAs combined at a 1:1
ratio) was reverse transcribed to cDNA labeled with Cy3 and
pooled after labeling. A pooled sample of the common refer-
ence was optimized to maximize the number of genes hybrid-
ized and reduce variability throughout the array [50] and was
used for all experiments. The use of a common reference
allows all experimental information to be analyzed in
relationship to the same reference, allowing better normaliza-
tion [51].

For within-slide normalization, 10 ng of Arabidopsis thaliana
CAB mRNA (Stratagene) was added to each labeling reaction
to be used. Because we use a common reference and all the
experimental information is in Cy5-labeled cDNA, even if the
CAB mRNA labels slightly differently using Cy3 or Cys, the
normalization is consistent throughout the experiment.

Pre-hybridization and hybridization

Slides were pre-hybridized in a 250 ml glass Coplin jar for 1 to
2 hours at 42°C in a freshly prepared solution containing 50%
formamide, 5x SSC, 0.1% SDS and 0.1 mg/ml bovine serum
albumin fraction V (Sigma; Additional data file 10). The slides
were rinsed several times with ddH,0, dipped in 100% etha-
nol, and dried under a 30 psi stream of N, gas. Prior to hybrid-
ization, 22 x 30 mm Lifterslip coverslips (Erie Scientific,
Portsmouth, NH, USA) were cleaned in a solution of 1 M KOH
and 50% ethanol, rinsed with ddH,0 and dried with 30 psi of
N, gas.

The hybridization buffer contained 50% formamide (Sigma),
5% dextran sulfate (Sigma), 5x SSC, 0.1% SDS, 0.1 mg/ml
bovine serum albumin fraction V (Sigma), and 100 ug/ml
salmon sperm DNA (Invitrogen). For all hybridizations, ref-
erence samples were labeled and pooled prior to hybridiza-
tion. Each labeled experimental sample was combined with
an aliquot of the labeled reference sample and dried down in
a vacuum centrifuge.

The combined reactions for each slide were resuspended in 35
ul hybridization buffer, incubated at 95°C for 5 minutes, cen-
trifuged for 30 seconds, and applied to the center of the cov-
erslip that was subsequently positioned to cover the printed
section of the slide. Slides were sealed in CMT hybridization
chambers (Corning) and incubated at 42°C for at least 16
hours on a rocking platform. After hybridization, slides were
washed as previously described [48] and subsequently dried
using a 30 psi stream of N, gas.

Microarray scanning and data analysis

All scans were performed with 100% laser power and photo-
multiplier tube (PMT) settings of 630 to 700 for the 635 nm
laser and 430 to 500 for the 532 nm laser using Axon 4000B
(Axon Instruments, Union City, CA, USA). These settings
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provided the maximum signal to noise ratio while reducing
the number of saturated spots on each array. Grids used to
define spot circumference, location, and identity were made
and aligned using GenePix Pro 6.0 (Axon Instruments). All
microarray data have been submitted to Gene Expression
Omnibus series accession number GSE3729.

Evaluation of correlation between biological and
technical replicates

An ANOVA measurement model was used to determine vari-
ance between six independent biological and technical repli-
cates of T, samples (Additional data file 11). The analysis
showed a standard deviation for log, ratios of 0.08 for both
biological and technical replicates, indicating that a change in
gene expression greater than 1.6-fold could be viewed as sta-
tistically significant with a Type I error (or false positive rate)
of <0.01.

Quantitative RT-PCR analysis

Primers were designed using Primer Express (ABI, Foster
City, CA, USA) and total RNA was reverse transcribed using
either oligo-dT or random hexamers as primers. The two
types of primers were used to determine whether transcripts
lacking a poly(A)+ tail were present in total RNA isolated
from unstressed, stationary phase samples. Quantitative RT-
PCR reactions contained SYBR Green PCR Master Mix (ABI),
forward and reverse primers (0.6 uM each), and a cDNA tem-
plate (10 ng). Reactions were done in triplicate (technical rep-
licates) for each sample and exogenous A. thaliana RNA
(Stratagene) was used as a control (Additional data file 12).
The cycle threshold (Cp) value for each reaction was deter-
mined using the ABI Prism 7000 SDS software package
(ABI). Cvalues were used to calculate the mean fold change

. . ~AAC. . .o
of the reactions via the 2 T method, for which 1 indicates

no change in abundance [52]. For this experiment, the mean
fold change was the difference in abundance in random hex-
amer-primed cDNA compared with the abundance in oligo-
dT-primed cDNA.

Protease treatments

After bead beating samples were centrifuged at 13,000 x g for
3 minutes at 4°C to remove cell debris. Cell-free lysates were
divided into 2 tubes and incubated on ice for 1 hour with
either 17 mg/ml trypsin in 0.9% (w/v) NaCl (Invitrogen), 14
mg/ml proteinase K in 10 mM Tris pH 7.5 (Qiagen), 11 mg/ml
Qiagen protease in 10 mM Tris pH 7.5 (Qiagen), or 10 mM
Tris pH 7.5 alone. After incubation, the RNA isolation for
both samples was completed as described above. To visually
evaluate the extent of protein digestion under these condi-
tions, proteins isolated from protease-treated and control
samples were separated by electrophoresis on a 10% TBE
polyacrylamide gel (Bio-Rad, Hercules, CA, USA; Additional
data file 4). All experiments were done in duplicate, using bio-
logical replicates. Microarray analysis showed that RNA iso-
lated from samples incubated in buffer for 1 hour at 4°C were
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essentially identical to samples processed immediately (R2 =
0.97).

RNA polymerase Il mutant

MATa (ura3-52 rpbi-1) RNA polymerase II temperature-sen-
sitive mutant [35], parental MAT« (ura3-52), and wild-type
S288c cells were grown to stationary phase (10 days) with
aeration in 100 ml of YPD+A at 24°C. Prior to exposure to
menadione, all strains were incubated for 3 hours at 36°C
(non-permissive conditions for rpbi-1) prior to the collection
of T, samples. Oxidative stress was induced using menadione
as described above and samples from rpbi-1, parental and
S288c cultures were harvested at 2 and 30 minutes after
exposure.

Statistical analysis of transcript abundance

A normal approximation to Fisher's exact test [53] was used
to generate a p value for testing the association between
membership on two sets of gene lists.

Additional data files

The following additional data are included with the online
version of this article. Additional data file 1 is a gene list from
the 30 minute interval time course. Additional data file 2 is a
gene list from the 1 minute interval time course. Additional
data file 3 is a gene list from the polymerase II mutant data
set. Additional data file 4 contains SDS-PAGE images. Addi-
tional data file 5 provides gene lists from the protease treat-
ments. Additional data file 6 is a graph of the quantitative RT-
PCR experiments. Additional data file 7 is a gene list from the
temperature upshift experiment. Additional data file 8
describes in detail the RNA isolation protocol. Additional
data file 9 describes in detail the labeling protocol. Additional
data file 10 describes in detail the hybridization protocol.
Additional data file 11 provides a detailed description of the
ANOVA measurement model. Additional data file 12
describes in detail the quantitative RT-PCR protocol.
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