Diverse environmental stresses elicit distinct responses
at the level of pre-mRNA processing in yeast
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ABSTRACT

Gene expression in eukaryotic cells is profoundly influenced by the post-transcriptional processing of mRNAs, including the
splicing of introns in the nucleus and both nuclear and cytoplasmic degradation pathways. These processes have the potential to
affect both the steady-state levels and the kinetics of changes to levels of intron-containing transcripts. Here we report the use of
a splicing isoform-specific microarray platform to investigate the effects of diverse stress conditions on pre-mRNA processing.
Interestingly, we find that diverse stresses cause distinct patterns of changes at this level. The responses we observed are most
dramatic for the RPGs and can be categorized into three major classes. The first is characterized by accumulation of RPG pre-
mRNA and is seen in multiple types of amino acid starvation regimes; the magnitude of splicing inhibition correlates with the
severity of the stress. The second class is characterized by a rapid decrease in both pre- and mature RPG mRNA and is seen in
many stresses that inactivate the TORC1 kinase complex. These decreases depend on nuclear turnover of the intron-containing
pre-RNAs. The third class is characterized by a decrease in RPG pre-mRNA, with only a modest reduction in the mature species;
this response is observed in hyperosmotic and cation-toxic stresses. We show that casein kinase 2 (CK2) makes important
contributions to the changes in pre-mRNA processing, particularly for the first two classes of stress responses. In total, our data
suggest that complex post-transcriptional programs cooperate to fine-tune expression of intron-containing transcripts in
budding yeast.
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INTRODUCTION 5" UTRs, which is believed to contribute to their high
translational efficiency, and longer than average poly(A)
tails, which is believed to contribute to their stability (David
et al. 2006; Beilharz and Preiss 2007). Despite widespread
intron loss from the Saccharomyces cerevisiae genome, introns
have been retained in a majority of ribosomal protein genes,
and RPGs contain over one-third of the remaining S.
cerevisiae introns (Fisk et al. 2006; Stajich et al. 2007). This
bias in intron distribution suggests that the presence of
introns in ribosomal protein genes could also contribute to
their regulation. Indeed, we showed previously that pre-
mRNAs for the RPGs accumulate in response to treatment
with the amino acid starvation-mimicking drug, 3-amino
1,2,4-triazole (3-AT) (Pleiss et al. 2007a).

Translation initiation is inhibited in response to 3-AT,
and prolonged treatment leads eventually to a decrease in
ribosomal protein gene expression (Moehle and Hinnebusch
1991; Natarajan et al. 2001). Many other stresses that down-

Regulation of ribosomal protein gene (RPG) expression is
of great importance to overall cellular metabolism; up to
50% of all RNA polymerase II transcription in budding
yeast is dedicated to making RPG mRNAs in nutrient-rich
conditions (Warner 1999). Accordingly, RPG expression is
known to be tightly regulated both transcriptionally and
post-transcriptionally. Transcriptional regulation involves
multiple transcription factors, kinases, and chromatin mod-
ifications (Rohde and Cardenas 2003; Marion et al. 2004;
Martin et al. 2004; Zhao et al. 2006). Measurements of
mRNA half-lives for all yeast transcripts reveal that the
half-lives of the RPGs are strikingly similar to one another,
suggesting that this is a regulated property (Wang et al.
2002). Moreover, RPGs generally have shorter than average
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regulate translation are also known to cause a decrease in
ribosomal protein gene expression, presumably because the
vast energy resources normally directed toward ribosome
biogenesis under favorable growth conditions must be
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redirected toward the relevant stress response (Li et al.
1999; Gasch et al. 2000).

While it has been suggested that the stability of the RPG
transcripts is specifically altered in response to some stresses
(Grigull et al. 2004; Molin et al. 2009; Romero-Santacreu
et al. 2009), the best-characterized stress-responsive regula-
tion of RPG expression occurs at the level of transcription. A
central nutrient- and stress-sensitive regulator of RPG
transcription is the TORC1 (Target Of Rapamycin Complex
1) kinase complex, which phosphorylates multiple substrates
in favorable conditions to promote RPG expression (for
review, see Wullschleger et al. 2006; Zaman et al. 2008).
Under a variety of stressful conditions, including depletion of
glucose, nitrogen, phosphorus, heat shock, and hyperosmotic
stress, the TORC1 complex is inactivated, leading to a strong
decrease in RPG expression (Urban et al. 2007). Additional
signaling pathways are known to contribute to the responses
to these translation-inhibitory stresses. Protein kinase A, Irel,
Hogl, Pho85, and Gcn2 contribute to unique aspects of the
responses to glucose starvation, endoplasmic reticulum
stress, hyperosmotic stress, phosphate starvation, and amino
acid starvation, respectively, and in many cases, examples of
crosstalk among these pathways and between these pathways
and the TORCI pathway, have also been identified (Patil and
Walter 2001; Wykoff and O’Shea 2001; Wilson and Roach
2002; Cherkasova and Hinnebusch 2003; Patil and Walter
2001; Schroder et al. 2004; Hohmann 2009).

In addition to inhibiting RPG expression, inactivation of
TORCI1 leads to entry into a G;-like quiescent state, referred
to as Gy or stationary phase (Pedruzzi et al. 2003). Entry into
Gy is protective under stressful conditions—mutations or
conditions that prevent it cause decreased long-term survival
(Swinnen et al. 2006; Boer et al. 2008; Talarek et al. 2010).
In short, a complex network of stress-responsive signaling
mediates appropriate responses to many stresses, which are
characterized by some common features such as transcrip-
tional down-regulation of ribosomal protein genes and entry
into Gy, and some features unique to each individual stress.

In addition to TORCI, there are other, less well-
characterized signaling complexes that are likely to con-
tribute to regulation under stressful conditions. One such
kinase complex with proposed roles in nutrient sensing is
casein kinase 2 (CK2). In yeast, CK2 consists of two regulatory
subunits (Ckbl and Ckb2) and two catalytic subunits (Ckal
and Cka2), and appears to be highly promiscuous within the
cell, with dozens of reported substrates (Bidwai et al. 1994;
Olsten and Litchfield 2004). They include subunits of all
three RNA polymerases, chromatin remodeling ATPases,
splicing factors, transcription factors, ribosome biogenesis
factors, mRNA-binding proteins, tRNA synthetases, ribo-
somal proteins, and translation factors (Sawa et al. 2004;
Allen 2008; Deng et al. 2008; Dermody et al. 2008). Unlike
many other kinases involved in stress-signaling pathways,
CK2 has no known direct interactions with the TORCI
complex. In general, its regulation is very poorly under-
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stood—the catalytic subunits have high constitutive activity
in vitro, and the roles of the regulatory subunits in
directing this activity toward appropriate substrates are
unknown (Prudent et al. 2010). That CK2 appears to have
substrates involved in many aspects of regulating protein
biosynthetic capacity places it in a unique position to con-
tribute to translation-inhibitory stress responses.

We wished to determine the contribution of the presence
of introns in stress-regulated transcripts to the overall in-
tegrated stress response of the cell. We used a custom micro-
array platform (previously described in Pleiss et al. 2007b) to
specifically measure changes in the amounts of pre-mRNA,
mature mRNA, and total mRNA for the majority of intron-
containing genes in yeast following exposure to a wide
range of translation-inhibitory stresses. This data set allowed
us to contextualize the role of regulation at the level of pre-
mRNA processing, including both splicing and turnover,
within a large arena of growth conditions and responses, and
offered novel insights into mechanisms by which this regu-
lation is imposed and integrated with other stress response
pathways.

RESULTS

A microarray platform for analyzing pre-mRNA
processing in response to stress

We used a previously described splicing-sensitive micro-
array platform that allowed for specific measurements of
pre-mRNA (using a probe against the intron sequence),
mature mRNA (using a probe across the junction sequence),
and total mRNA (using a probe against the second exon
sequence) to assay changes in relative levels of these species
during stress (Pleiss et al. 2007b). Yeast were exposed to
a range of stresses, and culture aliquots were collected at 5-,
10-, 20-, and 40-min time points after the induction of the
stress. These time points were selected in an effort to capture
both rapid changes to processing of pre-mRNA, and later
changes to steady-state levels of mature mRNA. Total RNA
was extracted, cDNA was synthesized and labeled with
fluorophores, and samples were competitively hybridized
to microarrays, all as previously described. In stress treat-
ments in which media was exchanged, each sample was hy-
bridized against a mock-treated sample. For heat shock and
stress treatments involving the addition of a drug, samples
were hybridized against a pretreatment sample.

The relative abundances (as ratios of the treated samples
to the untreated references) of the pre-mRNA, mature
mRNA, and total mRNA species for each intron-containing
gene over each stress time course were measured by dye-
flipped replicate microarrays (full data set available online
in the Gene Expression Omnibus database: http://www.
ncbi.nlm.nih.gov/geo/ GEO accession GSE28919. Also see
the web supplement to this manuscript: http://biochemistry.
ucsf.edu/labs/guthrie/bergkesselWhitworth2011.html). To
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Stress-responsive changes to pre-mRNA processing

visualize the results, the total, pre-mRNA, and mature
mRNA values for all of the time points for each transcript
were plotted on the same row of a heat map, colored
according to the log2-transformed ratio values from the
microarrays, and the rows of the heat map were ordered by
a hierarchical clustering algorithm (Supplemental Figs.
S1-S15). In order to analyze the relationships between
each of the different stress responses, as determined by
changes in pre-mRNA and mature mRNA levels, the time
course data for each stress response were first summarized
by taking the time point exhibiting the greatest overall change
in the intron and junction feature responses. These values
were then clustered, using both hierarchical and k-means
clustering (Fig. 1; see Materials and Methods for more details).
Hierarchical clustering assesses the similarity of each stress to
every other stress in the data set and was used to construct
a dendrogram displaying these relationships. K-means clus-
tering, on the other hand, fits the stresses to a predefined
number of classes, minimizing within-class variability. In all
k-means analyses presented below, solutions were calculated
for the full range of possible numbers of classes, and the data
shown represent the solutions with the smallest number of
classes that provided meaningful subdivisions of the data.
We focused on stresses previously reported to affect trans-
lation, RNA processing, or both. Following our earlier dem-
onstration that treatment with 3-AT induces the accumula-
tion of RPG pre-mRNA, we wanted to test other formats of
amino acid starvation. 3-AT induces an amino acid starvation
response when cells are grown in synthetic media lacking
histidine by inhibiting an enzyme in the histidine biosyn-
thetic pathway. In addition to repeating the 3-AT treatment
using the same time course and cell collection protocol
used for the rest of the stress treatments in this study, we

K-means classes:

SMM

Amino-acid depletion
His-depletion (Ahis)
His-depletion (HIS)
Rapamycin
Wortmannin
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DTT
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also simply removed histidine by filtering a culture growing
in synthetic complete media, washing the cells with syn-
thetic media lacking only histidine and resuspending them
in that media. To create a situation in which this stress
would be more stringent, we repeated the histidine de-
pletion using a strain that was auxotrophic for histidine.
We also examined the response when all amino acids, uracil,
and adenine were removed by replacing synthetic complete
media with media containing only yeast nitrogen base,
ammonium sulfate, and glucose. Finally, we used another
drug, sulfometuron methyl (SMM), which, like 3-AT, in-
hibits an amino acid biosynthetic pathway and induces the
general amino acid control pathway. SMM inhibits an
enzyme in the biosynthetic pathways for leucine, isoleucine
and valine, and thus elicits an amino acid starvation re-
sponse when added to a culture growing in media lacking
isoleucine and valine (Jia et al. 2000; Hinnebusch 2005).
We tested two additional starvation stresses that have
been shown to at least transiently inactivate TORC1. We
starved cells for phosphate by replacing synthetic complete
media with media lacking potassium phosphate, and for a
carbon source by replacing rich media with rich media lacking
glucose. We also tested the effects of TORCI inactivation
directly by treating cells with two drugs that inhibit this
complex: rapamycin and wortmannin (Alarcon et al. 1999).
Conditions leading to the accumulation of unfolded or
misfolded proteins in the endoplasmic reticulum are also
known to down-regulate translation and to induce the
unfolded protein response (UPR) (Patil and Walter 2001).
We tested two stresses that induce the UPR: treatment
with dithiothreitol (DTT), a strong reducing agent, and
a temperature shift from 30°C to 42°C (heat shock).
Heat shock has previously been suggested to broadly inhibit

Euclidean distance:

FIGURE 1. Comparison of pre- and mature mRNA level changes across diverse environmental stresses by clustering analysis. Stress treatments,
named at left, are ordered vertically by hierarchical clustering using Euclidean distance (dendrogram shown at the right of the figure). K-means
clustering was also used to group responses into three distinct subclasses, highlighted by colored bars. Genes were also ordered by hierarchical
clustering along the horizontal axis. For each stress response, changes in pre-mRNA levels (fop row) and mature mRNA levels (bottom row) are
shown in the central heatmap (saturated blue indicates at least a 5.7-fold (22.5) decrease in abundance, saturated yellow at least a 5.7-fold
increase). The values shown represent the largest absolute value of change observed over the time course of each stress treatment for each gene.
Gray bars across the top of the heatmap mark the locations of RPG transcripts.
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pre-mRNA splicing (Yost and Lindquist 1991; Vogel et al.
1995; Bracken and Bond 1999).

Salt stress is also known to strongly down-regulate trans-
lation (Gasch et al. 2000). Treatment with 500 mM sodium
chloride (NaCl), commonly used to elicit a hyperosmotic
stress response, is both a hyperosmotic stress and a cation-
toxic stress. We tested this concentration of NaCl and also
used lithium chloride (LiCl) at a concentration that is pri-
marily cation toxic (300 mM) and potassium chloride (KCl)
at a concentration that is primarily hyperosmotic-stress in-
ducing (1 M). We also treated cells with 1 M sorbitol, a
hyperosmotic stress, but not a salt (Garcia et al. 1997).

Stress responses cluster into three groups

The first class defined by clustering analysis (Fig. 1; blue
bars in k-means classes) shows behavior similar to that

previously described as the pre-mRNA processing response
to amino acid starvation—accumulation of the pre-mRNA
for a majority of the RPGs (Pleiss et al. 2007a). 3-AT treat-
ment, SMM treatment, and depletion of all amino acids
form one branch within this group, and depletion of
just histidine, in both wild-type and histidine auxotroph
strains, forms another branch. Closer inspection of the full
time courses for each of these stresses shows that accumu-
lation of RPG pre-mRNA at the earliest (5- and 10-min)
time points is a common characteristic of all of the amino
acid starvation responses (Fig. 2). Furthermore, the mag-
nitude of the accumulation seems to scale with the severity
of the stress.

Depletion of just histidine from the growth media elicits
a much more subtle response than the other treatments.
Washing histidine away likely fails to completely remove all
histidine from the cell, and instead, causes a slow decrease
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Time: g JJ.J-J—J—J-J—J—J-J—J—J
3
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FIGURE 2. Accumulation of RPG pre-mRNAs

= === Non-RPGs pre-mRNA

Non-RPGs mature mRNA

under amino acid starvation conditions. (A) Time-resolved splicing profiles resulting from

comparison of wild-type cells treated with amino acid biosynthesis inhibitors or shifted into amino acid-depleted media, compared with a mock
treatment. Samples were collected at 5, 10, 15, 20, and 40 min (3-AT) or at 5, 10, 20, 40 min (all others) following treatment. Transcripts are
arranged on the vertical axis by hierarchical clustering (dendrogram shown at left), and gray bars highlight the positions of RPGs within this
cluster. In the heatmap, saturated blue indicates at least a 5.7-fold decrease and saturated yellow at least a 5.7-fold increase in transcript
abundance. (B) Averaged RPG and non-RPG transcript behaviors across data sets shown in A.
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in the available pools of histidine. In the wild-type strain,
up-regulation of the histidine biosynthetic pathway may be
nearly able to keep up with the depletion of histidine from
environmental sources. The perturbation to translation is
thus mild and transient. Accumulation of the RPG pre-
mRNA is barely discernible in the heat map representation
of the data, but plotting the average log2-transformed ratio
for each feature type (Fig. 2B; RPG pre-, mature, and total
mRNA, and non-RPG pre-, mature, and total mRNA)
shows that the RPG pre-mRNA levels are in fact modestly
elevated, while the other features are essentially unchanged.

When histidine is depleted from a histidine auxotroph,
the response is somewhat more pronounced, presumably
because the histidine shortage caused by washing histidine
out of the media cannot be successfully relieved by up-
regulation of the histidine biosynthetic pathway in this
strain. Treatments with 3-AT or SMM cause inhibition of
biosynthetic pathways that are already engaged as the sole
sources of histidine or isoleucine and valine, respectively,
and are expected to cause a sudden sharp drop in the
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available pools of those amino acids. The perturbation to
translation is thus more dramatic, and a strong accumula-
tion of RPG pre-mRNAs is observed throughout the early
portion of the time course, while amino acid biosynthetic
genes are being up-regulated.

Depletion of all amino acids (plus uracil and adenine)
causes a degree of accumulation of RPG pre-mRNA similar
to that observed for histidine depletion in a histidine auxo-
troph in the early time points of the time course. The wild-
type strain used in this experiment is, in fact, auxotrophic for
leucine, uracil, and lysine, so the similarity of the magnitude
and kinetics of the RPG pre-mRNA accumulation in this
treatment to that seen when a histidine auxotroph is de-
pleted for histidine is perhaps unsurprising. However, the
behaviors of the mature and total mRNA species diverge
significantly in the later time points of the time course, as
these species decrease substantially in abundance following
depletion of all amino acids. The loss of RPG mature mRNA
at later time points is a pronounced feature of the responses
that lead to inactivation of TORCI (see Fig. 3 and results

42°C Heat-shock
untreated

10pg/mL Wortmannin
untreated

TotalmRNA pre-mRNA Total mMRNA pre-mRNA

ol ol ol ol ol G G

10pg/mL Wortmannin
/ untreated

42°C Heat-shock /
untreated

40 0

20

FIGURE 3. Rapid loss of RPG pre- and mature mRNAs following glucose starvation, heat shock, and direct TORCI inhibition. (A) Time-
resolved splicing profiles are shown from comparisons of wild-type cells in treated and untreated samples across a time course of 5, 10, 20, 40 min.
Transcripts are arranged on the vertical axis in the same order as in Figure 2 to facilitate comparison, and gray bars highlight the positions of
RPGs within this cluster. In the heatmap, saturated blue indicates at least a 5.7-fold decrease and saturated yellow at least a 5.7-fold increase in
transcript abundance. (B) Averaged RPG and non-RPG transcript behaviors across data sets shown in A.
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below), and may reflect crosstalk between the amino acid
starvation and TORCI1 pathways (Staschke et al. 2010).
Amino acids can also be utilized as a nitrogen source, so
depletion of all amino acids may also trigger some activation
of nitrogen starvation pathways that lead to TORCI in-
activation (for review, see Zaman et al. 2008).

The second class of responses identified by clustering
analysis is characterized by decreases in all three species of
RPG transcripts, and includes glucose and phosphate de-
pletion, drugs that inhibit TORCI1, heat shock, and DTT
treatment (green bars in Fig. 1). The pre-mRNAs decrease
more rapidly than the mature and total mRNA species,
with large decreases apparent at the first time point, while
the mature and total only show substantial decreases at the
20- and 40-min time points (Fig. 3). Interestingly, heat
shock appears to induce the most rapid and dramatic loss
of RPG mRNA transcripts. Previous work had suggested
that heat shock leads to inhibition of all pre-mRNA splicing
and widespread accumulation of pre-mRNAs (Yost and

0.5M Nacl
A.

untreated untreated

Probe target: Total MRNA pre-mRNA Total MRNA pre-mRNA

Time:

RPGs

sl

w

300mM LiCl /
untreated

0.5M NacCl /
0.4 untreated

- e - - --

300mM LicCl

Lindquist 1991; Vogel et al. 1995; Bracken and Bond 1999).
However, this conclusion was made based on the behavior
of a small number of transcripts. Our results show that
while a few transcripts do indeed accumulate pre-mRNA in
response to heat shock (Fig. 3A; Fig. 8B, below) the majority
of RPG pre-mRNAs are instead rapidly degraded. The
magnitudes of the changes observed in response to phos-
phate starvation were small, but the patterns of changes were
similar enough to those observed in other TORC1-inactivat-
ing stresses for it to cluster with this group.

The third class of response identified by the clustering
analysis included the ionic and hyperosmotic stresses (Fig.
1, red bars). These responses are characterized by a rapid
loss of RPG pre-mRNA, but relatively smaller decreases in
the mature mRNAs than in the second class (Fig. 4). For
the cation-toxic stresses (NaCl and LiCl), the loss of RPG
pre-mRNA is more dramatic than for the hyperosmotic
stresses. In the KCI treatment, the levels of total and ma-
ture mRNAs for the RPGs actually increase over the time

1M KCI
untreated

1M Sorbitol
untreated

TotalmRNA pre-mRNA Total mRNA pre-mRNA

el ol ol Gl Gl G GG

1M Sorbitol /
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1M KCl / untreated
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FIGURE 4. Rapid loss of RPG pre-mRNAs in response to cation toxicity and hyperosmotic stresses. (A) Time-resolved splicing profiles are
shown from comparisons of wild-type cells in treated and untreated samples across a time course of 5, 10, 20, and 40 min. Transcripts are
arranged on the vertical axis in the same order as in Figure 2 to facilitate comparison, and gray bars highlight the positions of RPGs within this
cluster. In the heatmap, saturated blue indicates at least a 5.7-fold decrease, and saturated yellow at least a 5.7-fold increase in transcript
abundance. (B) Averaged RPG and non-RPG transcript behaviors across data sets shown in A.
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course. A sample taken at 60 min showed that the total and
mature mRNAs for the RPGs did eventually decrease below
the level at which they started. The response to sorbitol is
milder in magnitude than the responses to the salt stresses,
but still shows a decrease in RPG pre-mRNAs at the early
time points, coupled with very small decreases in the mature
and total mRNAs only late in the time course.

Hyperosmotic and cationic stresses lead to transient
inactivation of TORC1 (Urban et al. 2007), and the expected
concomitant down-regulation of RPG transcription is re-
flected by the loss of RPG pre-mRNA. The persistence of the
mature and total mRNA species for the RPGs, relative to the
other TORCl-inactivating stresses in the previous class of
responses, could reflect an increase in the stability of the
cytoplasmic pool of mature mRNAs for these genes, or a
higher proportion of the pre-mRNAs being spliced to mature
transcripts rather than going directly to decay, or both.

We wanted to further pursue the question of whether the
mechanisms contributing to the loss of RPG pre-mRNA are
distinct for the second and third classes of stress. Changes
in three rates contribute to changes in the steady-state levels
of pre-mRNAs: the rate of appearance of new pre-mRNAs
due to transcription, the rate of disappearance of pre-
mRNAs due to splicing, and the rate of disappearance of
pre-mRNAs due to degradation. To determine the contri-
bution of active nuclear degradation to the loss of RPG pre-

mRNAs in these two classes of stress, we repeated the
rapamycin and KCl treatments in a Arrp6 strain, and com-
petitively hybridized these samples directly against samples
from the wild-type strain (Fig. 5). Rrp6 is a nucleus-specific
component of the exosome that contributes to nuclear
decay of aberrant mRNAs (Schmid and Jensen 2008;
Honorine et al. 2010). At steady state, levels of many pre-
mRNAs are mildly elevated in a Arrp6 strain compared
with a wild-type strain (see the time 0 column in Fig. 5).
However, upon rapamycin treatment, the levels of most
RPG pre-mRNAs become dramatically higher in the Arrp6
strain compared with the wild type subjected to the same
treatment. At later time points, the levels of mature RPG
transcripts are also higher in the Arrp6 strain, suggesting
that, in the wild-type strain, the nuclear degradation of pre-
mRNAs at early points in the time course contributes
substantially to the decrease in mature transcript observed
at later time points. In contrast, in the KCI treatment, most
transcripts show little additional accumulation over the
time course, although a small subset of RPG pre-mRNAs
show mild increases in the Arrp6 strain at the 20- and 40-
min time points. Thus, it appears that nuclear degradation
of RPG pre-mRNAs does not account for most of the
decreases observed during KCl treatment, especially at early
time points. Instead, the decreases in this stress could be due
to a decreased rate of new transcription, or an increased rate

A Arrp6 + Rapamycin Arrp6 + KCI
. WT + Rapamycin WT + KCl

Probe target: Total mRNA pre-mRNA
@
Time: 8
o
Arrp6+Rapamycin/
WT+Rapamycin
B. os
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Arrp6+KCl/
WT+KCI

Total mMRNA pre-mRNA

~=fi= RPGs total mRNA
s RPGS pre-mRNA

RPGs mature mRNA
----- - = {ii= « Non-RPGs total mRNA

= afe « Non-RPGs pre-mRNA

20 40 Non-RPGs mature mRNA

FIGURE 5. The nuclear exosome component Rrp6 contributes to the decrease in RPG transcripts in rapamycin treatment. (A) Time-resolved
splicing profiles are shown from comparisons of Arrp6 cells to wild-type cells both treated with either rapamycin or KCl, with samples across
a time course of 0, 5, 10, 20, and 40 min after the beginning of the treatment. Transcripts were arranged on the vertical axis by hierarchical
clustering, and the major branch containing the majority of the RPGs is shown. Gray bars highlight the positions of RPGs within this cluster. In
the heatmap, saturated blue indicates at least a 5.7- fold decrease, and saturated yellow at least a 5.7-fold increase in transcript abundance. (B)
Averaged RPG and non-RPG transcript behaviors across data sets shown in A.
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of pre-mRNA splicing. Previous work has suggested that
RPG transcription is, in fact, down-regulated during hyper-
osmotic stress (Gasch et al. 2000), and that the RPG tran-
scripts are extremely efficiently cotranscriptionally spliced
in nonstress conditions (Carrillo Oesterreich et al. 2010).
Based on these findings, we believe it most likely that the
decreases observed in the RPG pre-mRNA in the KCI
treatment are due to decreased transcription with little
change in splicing efficiency, and not due to increased
splicing efficiency.

Although quantitative analysis of the behavior of the
splicing isoform-specific species in various stresses yields
three distinct classes of response, it is also clear that each
response has some unique characteristics, and that some
characteristics are shared across classes of response. The
hierarchical clustering algorithm defined two major branches
in a dendrogram representing all of the stresses (Fig. 1,
right): one that contained stresses causing increases in the
pre-mRNAs for at least some RPGs, and another that
contained all of the stresses that displayed decreases in the
pre-mRNAs for the RPGs. The stresses in the first branch
are not known to lead directly to TORCI inactivation or
cell cycle arrest, while the second branch included the
stresses expected to inactivate TORCI. The classification of
the responses by both clustering algorithms is largely driven
by the behavior of the RPGs, as they represent ~40% of the
transcripts analyzed, and their abundances were generally
coordinately and dramatically affected by the stresses we
tested. We were interested in gaining further insight into
which additional signaling pathways might contribute to
the observed changes in RPG pre-mRNA processing. Our
previous work had shown that Gen2, the kinase canonically
responsible for sensing amino acid starvation and signaling
to the translation machinery (for review, see Hinnebusch
2005) was not required for the RPG pre-mRNA accumu-
lation response to amino acid starvation (Pleiss et al.
2007a). We undertook a candidate screening approach to
find other kinases that might be involved in mediating
responses to stress at the level of pre-mRNA splicing.

CK2 is involved in mediating stress responses
at the level of pre-mRNA processing

We focused initially on identifying factors that were re-
quired for the accumulation of pre-mRNA in response to
amino acid starvation. Because direct inactivation of
TORC1 by rapamycin or wortmannin clustered with a
variety of stresses known to cause TORCI inactivation, and
away from amino acid starvation stresses, we sought a
candidate that did not have known direct interactions with
TORCI signaling. CK2 satisfied this condition, and, addi-
tionally, was shown to genetically interact with several
splicing factors in yeast (Wilmes et al. 2008).

CK2 consists of two catalytic subunits (Ckal and Cka2)
and two regulatory subunits (Ckbl and Ckb2). Deletion of
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any single subunit does not cause an obvious growth
phenotype, and deletion of both regulatory subunits yields
an epistatic (positive) genetic interaction in a quantitative
epistasis mini-array profile (Collins et al. 2007). We thus
started by testing the ability of a AckblAckb2 double
regulatory subunit mutant to respond at the level of pre-
mRNA splicing to amino acid starvation. Strikingly, we
found that the accumulation of RPG pre-mRNA following
3-AT treatment was almost completely abolished in this
mutant (Fig. 6A). We next looked at the effects of deleting
each of the two regulatory subunits individually, and found
that while each of the deletions diminished the accumula-
tion of RPG pre-mRNA following 3-AT treatment relative
to the wild type, the Ackb2 mutant had a stronger effect
than did the Ackbl mutant.

We also examined the effects of pretreating cells with
a drug that inhibits CK2 activity, 4,5,6,7- Tetrabromo-
2-azabenzimidazole (TBB) (Pagano et al. 2008). Inhibiting
the catalytic activity of CK2 strongly abrogates the accu-
mulation of RPG pre-mRNAs in response to 3-AT as well
(Fig. 6B). Deletion of the CK2 regulatory subunits and
treatment with TBB both cause some mild changes to
steady-state levels of pre-mRNA, mature mRNA, and total
mRNA for the RPGs, but these changes do not phenocopy
the changes observed in response to 3-AT (Fig. 6A,B). This
suggests that normal CK2 activity constitutively influences
transcription, splicing, and/or turnover of the RPG tran-
scripts, but that the loss of 3-AT response observed when
CK2 is perturbed is not because the perturbation itself
causes cells to be in an amino acid starvation response state
constitutively.

Finally, we asked whether the contribution made by CK2
to the amino acid starvation response at the level of pre-
mRNA processing might correlate with a fitness phenotype
under amino acid starvation conditions. We spotted serial
dilutions of strains carrying mutations for each of the CK2
subunits, plus the regulatory subunit double mutant, onto
plates containing 50 mM 3-AT. For reference, a strain
carrying a deletion of Gen2, the kinase involved in the
translational response to amino acid starvation, was also
plated. The Ackb2 strain showed a strong fitness defect
under conditions of exposure to 3-AT. Interestingly, the
Ackbl strain showed a milder fitness defect, and the double
regulatory subunit delete showed a defect similar to the
milder Ackbl defect. The Ackal strain also showed an
intermediate fitness defect, while the Acka2 strain grew as
well as the wild type (Fig. 6C). The fitness defect of the
catalytic subunit delete is perhaps consistent with the pre-
mRNA processing defect caused by inhibiting the catalytic
activity of CK2 with TBB. These results suggest that the
CK2 subunits may have specialized functions with regard to
the amino acid starvation response.

Because the response to rapamycin also involves a change
in processing of the RPG pre-mRNAs, leading to their Rrp6-
mediated degradation, we asked whether CK2 contributes
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FIGURE 6. CK2 is required for inhibition of RPG pre-mRNA splicing following amino acid starvation. (A) Splicing profiles are shown for wild-
type or CK2-deficient cells (AckbIAckb2) undergoing amino acid starvation induced by 3-AT compared with an untreated control. (B) Splicing
profiles are shown for wild-type cells undergoing amino acid starvation induced by 3-AT in either the presence or absence of a CK2 inhibitor,
TBB. In both A and B, transcripts are arranged on the vertical axis by hierarchical clustering, gray bars highlight the positions of RPGs, and in the
heatmap, saturated blue indicates at least a 5.7-fold decrease in transcript abundance and saturated yellow at least a 5.7-fold increase. (C) Growth
phenotypes for CK2 mutants under control (SC-HIS) and amino acid starvation conditions (SC-HIS + 3AT).

to this response as well. We subjected the AckblAckb2
double mutant to the rapamycin stress time course, and
found that the loss of RPG pre-mRNA was diminished in
this mutant compared with the wild type (Fig. 7A). We also
pretreated the wild-type strain with TBB before subjecting
it to rapamycin treatment, and in contrast to the result with
the regulatory subunit double mutant, found that inhibit-
ing the catalytic activity of CK2 had little effect on the
response to rapamycin treatment (Fig. 7A). We also assayed
each of the CK2 subunit deletes for fitness defects by spot-
ting the strains onto plates containing rapamycin. Inter-
estingly, the pattern of sensitivity to rapamycin was distinct
from that observed for 3-AT. Deletion of CKB2 caused
extreme sensitivity that was not suppressed by deletion of
CKBI in the double mutant. No other subunit deletion
caused substantial sensitivity to rapamycin, consistent with
the observation that deletion of both regulatory subunits,
but not inhibition of the catalytic activity of CK2, di-
minished the response to rapamycin at the level of RPG
pre-mRNA processing.

To determine which signaling pathways might contrib-
ute to the loss of RPG pre-mRNA in hyperosmotic stress,
we started by exposing Ahogl cells to a KCI treatment time
course. Hogl is the mitogen-activated kinase known to be
responsible for transcriptional induction of several genes
involved in the response to high osmolarity. However, we
found the response to KCI at the level of RPG pre-mRNA

processing to be virtually unperturbed by deletion of this
kinase (Fig. 7B), reminiscent of the lack of requirement for
Gcen?2 in the pre-mRNA processing response to amino acid
starvation. We also tested whether CK2 contributes to this
stress response by measuring the response in the AckblAckb2
strain and in cells pretreated with TBB, and found that
neither perturbation of CK2 function affected the behavior of
the RPG transcripts during KCl treatment (Fig. 7B). Consis-
tent with this observation, none of the CK2 subunit deletions
caused a substantial fitness defect when grown on plates
containing 1 M KCl (Fig. 7C).

Several groups of transcripts are differentially
regulated at the level of pre-mRNA processing

Thus far, we have focused on the behavior of the RPG
transcripts as a group, because a majority of these tran-
scripts behave coordinately across most of the stresses we
tested, and these behaviors dominate quantitative analysis
of stress-induced changes to pre-mRNA processing as a
whole. In order to look for subgroups of RPGs behaving
distinctly under stress, as well as for groups of non-RPG
transcripts that might be coordinately regulated at the level
of pre-mRNA processing, we again used hierarchical and
k-means clustering. This time, instead of analyzing the
behavior of each stress across all transcripts, we subjected to
clustering the behavior of each transcript across all stresses.
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rapamycin treatment conditions.

Hierarchical clustering produced a complex dendrogram
(Fig. 8A, right), and k-means clustering produced five groups
of transcripts (Fig. 8A, left). Two of these (orange and blue)
comprised subgroups of RPGs, two other small groups
(purple and green) contained primarily non-RPG transcripts,
and the fifth group contained the rest of the transcripts
(white). The larger RPG subgroup (blue) contains most of
the RPG transcripts that show strong pre-mRNA accumu-
lation in response to the amino acid starvation stresses and
strong loss of pre-mRNA in response to TORCl1-inactivating
stresses.

Interestingly, x> analysis of paralog pairs of the RPGs
revealed that both members of a paralog pair were less
likely than expected by chance to be present in the same
subgroup of RPGs (P < 10™*). Examples of paralog pairs
that separate into the two different RPG subgroups include
RPLI4A (blue) and B (orange), and RPS11A (orange) and
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B (blue) (Fig. 8B). In contrast, one of the small clusters
(purple) contains both paralogous copies of the U3
snoRNA. These transcripts seem to behave oppositely to
the majority of the RPG transcripts in many of the stresses
tested (Fig. 8B). While the RPGs are largely being degraded
in stringent stresses, the levels of mature and total U3
snoRNA go up, and the levels of the pre-RNA for these
transcripts go down.

The other non-RPG cluster, represented by green in
Figure 8A, contains several transcripts whose pre-mRNA
and mature mRNA levels change dramatically in some
stresses, but are not easily classified as having a coherent set
of biological functions. Nonetheless, some interesting pat-
terns can be observed. The ACT1 gene, which has tradition-
ally been used as a splicing reporter, shows increased levels
of both the pre-mRNA and the mature mRNA in many
stresses. For example, heat shock, which has previously been
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FIGURE 8. Analysis of relatedness of transcript behaviors across all environmental stress conditions. (A) Pairwise distance analysis was used to
cluster transcripts symmetrically across the horizontal and vertical axes. In the central heatmap, brighter yellows represent greater degrees of

correlation in transcript behaviors across the stress response data set

(small Euclidean distances). The dendrogram to the right of the heatmap

shows hierarchical clustering of transcript correlations. The colored bars to the left of the heatmap highlight transcripts that fall into each of the
five transcript subclasses identified by k-means clustering. Across the top of the heatmap, light-gray bars show the location of small ribosomal
subunit transcripts, and black bars show the location of large ribosomal subunit transcripts. (B) Stress response profiles of select transcripts. Gene
names are listed across the top, and colored bars refer to the k-means classes in A. For each stress, the four time points (5, 10, 20, and 40 min) are
displayed vertically in the four adjacent rows indicated by each black bar.

reported to cause accumulation of the ACTI pre-mRNA,
does indeed do so in our hands, but it also leads to an
increase in the mature message. TUBI and TUB3 are paralogs
encoding a-tubulin. Like many of the RPG paralogs, they fall
into different k-means clusters on the basis of their behavior

in stress (Fig. 8B). HNT1 and HNT2 belong to the histidine
triad family of nucleotide-binding proteins. They both fall
into the green cluster of transcripts in this analysis, and
interestingly, show strong pre-mRNA accumulation in some
of the stresses where RPG pre-mRNAs are rapidly lost. This
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further illustrates that regulation at the level of pre-mRNA
processing is dynamic and transcript specific, with a range
of behaviors observed for different transcripts under the
same stress condition.

DISCUSSION

We present here a broad survey of pre-mRNA processing
changes in response to stress. All of the types of amino acid
starvation that we tested led to a transient accumulation of
RPG pre-mRNA, and the magnitude of the accumulation
scaled with the severity of the stress. Unlike amino acid
starvation, stresses that led to TORC1 inactivation caused
a rapid loss of RPG pre-mRNA, and could be further
subdivided into two categories: one category that is
characterized by a strong decrease in the mature mRNAs
for the RPGs following a decrease in the RPG pre-mRNAs,
and another category that is characterized by relative sta-
bilization of the mature RPG mRNAs despite decreases in
the pre-mRNAs. We showed that the nuclear exosome
component Rrp6 was required for the RPG mRNA de-
creases seen in response to rapamycin, which fell into the
first class of stresses leading to TORC1 inactivation, but not
for the decreases seen in response to KCl, a member of the
second class. We also showed that perturbation of CK2 has
different effects on different stress responses. Finally, we
can observe different patterns of change for a variety of
non-RPG transcripts. In total, these results suggest that
regulation at the level of pre-mRNA processing contributes
specifically and dynamically to the regulation of the gene
expression program in the face of a wide range of environ-
mental challenges.

Fine-tuning regulation of ribosomal protein gene
expression and ribosome biogenesis

By far the most striking effects observed in this study were
on RPG transcripts, suggesting that changes to pre-mRNA
processing can contribute to regulation of these transcripts
in the context of stresses that inhibit translation at different
levels and over different periods of time. It seems likely that
changes to pre-mRNA processing could allow for modula-
tion of both the initial kinetics of the down-regulation and
also the kinetics of the recovery from the stress response.
In the case of amino acid starvation, translation is at least
transiently down-regulated at the level of initiation, which
contributes to the Gcn4-dependent induction of amino
acid biosynthetic genes and also presumably conserves
cellular energy resources while amino acid biosynthesis is
being up-regulated (Hinnebusch 2005). It has been shown,
however, that amino acid starvation does not induce a
protracted growth arrest. Even starvation of an auxotroph
for the amino acid it cannot make fails to induce a G,
arrest, despite a long-term loss of viability, while starvation
of the same strain for glucose, nitrogen, or phosphate does
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induce a protective G, growth arrest (Boer et al. 2008). For
a wild-type yeast strain, a decrease in the environmental
availability of one or several specific amino acids in the
presence of sufficient carbon, nitrogen, sulfate, and phos-
phate sources should not require a growth arrest, as the
missing amino acids can be synthesized. The regulation at
the level of pre-mRNA processing of the RPGs that we have
observed, in which splicing is inhibited and pre-mRNAs
transiently accumulate, could provide a transient inhibition
of ribosomal protein biogenesis consistent with the tran-
sient translational inhibition caused by amino acid starva-
tion. The increasing accumulation of RPG pre-mRNA
during the first 10 min of the stress suggests that tran-
scription of the RPGs is ongoing. In the mildest form of
this stress, histidine depletion, the RPG pre-mRNA accu-
mulation was very modest and transient indeed, and no
decreases in the mature pools of RPG mRNA were detected,
suggesting that transcription of the RPGs was largely
unperturbed. The capacity to transiently down-regulate
RPG expression by a mechanism that allows RPG pro-
moters to remain active could allow for a faster resumption
of maximal growth rate following alleviation of the amino
acid shortage.

In contrast, the common characteristic of the other two
groups of stresses was a decrease in the pre-mRNAs for the
RPGs. In the second class of stress responses (including
heat shock, rapamycin, wortmannin, and glucose starva-
tion), a rapid decrease in pre-mRNA levels for the RPGs
was followed by a strong decrease in the mature mRNA
levels. The requirement for Rrp6 in this response suggests
that active degradation of the pre-mRNA contributes sub-
stantially both to the early loss of pre-mRNA and the later
loss of mature mRNA. Interestingly, when rapamycin
treatment was combined with 3-AT treatment, the response
closely approximated the response to rapamycin alone,
suggesting that this more stringent response at the level of
RPG pre-mRNA processing (leading to nuclear turnover of
nascent transcripts) is dominant over the transient amino
acid starvation response (Supplemental Fig. S22). This
epistatic behavior suggests that the two responses, although
very different, impinge on the same process, and is
consistent with the observation that both responses require
the Ckb2 subunit of CK2. The pattern of RPG pre-mRNA
loss observed for this class of stresses is indicative of
preparation for a protracted arrest, and also a very rapid
downshift in ribosome production, which may be appro-
priate when energy resources are at a premium or when
protein folding resources are overtaxed.

For all of the hyperosmotic and ionic stresses, the loss of
mature mRNAs is mild compared with the loss of pre-
mRNAs for the RPGs, over a wide range of magnitudes of
pre-mRNA loss. This may be due to stabilization of the
cytoplasmic pools of mature mRNA, and is consistent with
recent studies that have shown decreased decay rates spe-
cifically for RPG mRNAs in hyperosmotic and ionic
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stresses, even as these messages were being transcriptionally
repressed (Molin et al. 2009; Romero-Santacreu et al.
2009). Although the cationic LiCl stress caused intermedi-
ate phenotypes in these assays (Supplemental Fig. S$23),
neither Rrp6 nor CK2 was required for the response to KClI,
suggesting that the response does not involve active
turnover of the RPG pre-mRNA, and that the regulation
of this response is distinct from the regulation of the amino
acid starvation and rapamycin responses. We also found
that combining the KCl and 3-AT stresses yielded a re-
sponse that was distinct from the responses to either
individual stress (Supplemental Fig. S22). This nonepistatic
behavior supports the model that amino acid starvation
and KCl affect RPG transcripts via distinct pathways. In any
case, a mechanism of RPG repression whereby new tran-
scription is halted, but the messages that have already been
transcribed continue to be processed and/or stabilized to
varying degrees, could allow the cell to prepare for a
protracted growth arrest while still transiently maintaining
needed translational capacity for adapting to the stress.

Consistent with the idea that regulation at the level of
pre-mRNA processing may contribute to both induction of
and recovery from a stress response, we also observed
interesting behavior in the pre- and mature RNA species
for the two copies of U3, the spliced snoRNA that helps
direct rRNA cleavage, and is therefore essential in ribosome
biogenesis. In the stresses that most strongly down-regulate
the RPGs at both the pre- and mature mRNA levels, the U3
transcripts showed increases for the total and mature
species and decreases for the pre-RNA. Thus, U3 appears
to be up-regulated at the same time the cell is broadly
down-regulating ribosome biogenesis. While the require-
ment for new ribosomes is much diminished during a G
arrest, translation does not stop completely. It has been
shown that after the initial rapid and dramatic polysome
collapse during glucose starvation, translation can in fact
resume (Ashe et al. 2000). The cell may need to up-regulate
U3 in preparation for resumed protein synthesis. Interest-
ingly, the salt stresses just show a decrease of the unspliced
U3 message, without a corresponding increase in the mature
message, and the amino acid starvation stresses show little
change in the abundance of the U3 transcript species. Thus,
it appears that regulation at the level of pre-mRNA process-
ing may also differentially influence the levels of a ribosome
biogenesis factor in different stresses.

Another observation potentially consistent with ongoing
but differentially regulated synthesis of ribosomes under
stress conditions is the tendency of paralogous pairs of
ribosomal protein genes to show differential behavior across
stress treatments. Different regulatory elements governing
expression of the RPG paralogs could allow for ongoing
expression of each required ribosomal protein under very
different regulatory regimes. For example, in some cases it is
known that one of the paralogs is more highly expressed
under rich nutrient conditions (Komili et al. 2007), and the

two paralogous genes encoding a ribosomal protein often
show different genetic interactions (Haarer et al. 2007). It
may be that expression of the other paralog is important
under less optimal conditions, when expression of the nor-
mally more highly expressed paralog is shut down. Notably,
we also observed distinct behavior across the stress treat-
ments for the TUBI and TUB3 transcripts (paralogous
copies of the gene encoding o tubulin). This suggests that
maintaining paralogous copies of highly expressed genes,
which can be differentially regulated both at the level of
transcription and at the level of pre-mRNA processing, may
be a broadly utilized strategy.

CK2 has stress-specific effects
on pre-mRNA processing

We have shown here that perturbing CK2 in various ways
alters the response at the level of pre-mRNA processing to
some stresses, and causes sensitivity to those same stresses.
CK2 is known to phsophorylate a large number of sub-
strates with roles in transcription and splicing, but its
regulation is not well understood. Our results suggest that
one role for CK2 may be the modulation of pre-mRNA
processing dynamics of ribosomal protein genes under
different environmental conditions, and give some broad
insight into possible regulatory mechanisms. The Ckb2
regulatory subunit appears to have a distinct role in the
responses to both amino acid starvation and rapamycin.
Deletion of CKB2 caused significantly more sensitivity to
these stresses than deletion of any of the other subunits.
This is consistent with the recent finding that CKB2, but
not any other CK2 subunit, was among a cluster of genes
that, when deleted, decreased competitive fitness under
both phosphate and leucine starvation conditions (Gresham
et al. 2011). In mammalian cells, the CK2 3 regulatory sub-
unit appears to be capable of associating with and regulating
other kinases besides CK2—it has been reported to activate
A-Raf, Chkl, and Weel, while it appears to inhibit c-Mos
(for review, see Bibby and Litchfield 2005). Alternate kinase
associations for either of the regulatory subunits have not
yet been identified in yeast, but our results suggest that, at
least under some stress conditions, Ckb2 may have an im-
portant independent function.

The pattern of sensitivity observed for 3-AT is intriguing—
deletion of CKB2 alone causes the strongest growth inhibi-
tion, while deletion of CKBI on top of the CKB2 deletion
suppresses some of that sensitivity. Deletion of CKBI alone
or CKAI alone causes a similar degree of sensitivity as the
AckbIAckb2 double delete. This is distinct from the pattern
observed with rapamycin, where deletion of CKB2 caused
a high degree of sensitivity whether or not CKBI was also
deleted. This pattern of sensitivity may suggest that Ckbl
can also function independently of the CK2 holoenzyme,
and possibly antagonistically to Ckb2 in the 3-AT response.
The fact that the AckblAckb2 double delete and the Ackal
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delete show some sensitivity, suggests that the CK2 holo-
enzyme likely also plays some role in the 3-AT response.
The multisubunit nature of CK2, and the apparent ability
of its four subunits to act both independently and also as
a heterotetrameric holoenzyme, suggests a model in which
a wide range of possible combinations of subunit associ-
ations allows for integration of diverse inputs affecting
the behavior of CK2, and also a diverse range of outputs
that in turn affect multiple aspects of gene expression. The
fact that its subunits appear to play independent roles in
addition to contributing to activity of the holoenzyme
suggests the intriguing possibility that different functional
roles may compete for CK2 subunits. Such a model is remi-
niscent of previous work suggesting that CK2 might partic-
ipate in coordinating synthesis of RPG mRNA and rRNA.
This work showed that excess rRNA processing factors could
compete the RPG transcription factor Ithl away from active
transcription complexes containing Rapl and Fhll, thus
down-regulating RPG transcription. The complex con-
taining Ifh1 and the rRNA processing factors Utp22 and
Rrp7 also contained at least some subunits of CK2 (Rudra
et al. 2007).

Regulation of non-RPG transcripts at the level
of pre-mRNA processing

One motivation for measuring pre-mRNA and mature
mRNA species for a majority of the intron-containing
genes across a wide variety of stresses was to determine
whether other groups of transcripts might show clear
coregulation at the level of pre-mRNA processing. The
behavior of the RPGs dominated the patterns of change to
pre-mRNA processing in all stresses tested, but clustering
analysis of transcript behavior across all stresses did identify
some additional transcripts whose levels of pre-mRNA and
mature mRNA change in a variety of stresses. These tran-
scripts did not fall into easily identifiable biological categories.
Since we intentionally chose stresses known to down-regulate
translation, it is not surprising that most of the effects we
observed were on ribosomal protein genes. Thus, there may
well be functionally coherent groups of transcripts that are
coordinately regulated at the level of pre-mRNA splicing in
response to other types of stress. For example, meiotic genes
are also over-represented among the intron-containing genes
in yeast, and have been shown to be regulated both at the
level of transcription and at the level of splicing (Munding
et al. 2010). While we could not measure expression of
meiotic genes in the haploid cells we used for these
experiments, it is interesting to note that the conditions
that induce meiosis in S. cerevisiae diploids involve extreme
nutrient deprivation—depletion of both carbon and nitro-
gen sources for a long period of time. Regulation at the
level of pre-mRNA processing may in fact play a role at
multiple stages in a response to ongoing nutrient depriva-
tion of varying degrees of severity—inhibition of RPG
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splicing in response to a transient and mild starvation,
active degradation of RPG pre-mRNAs in response to
a more severe or more protracted starvation, and induction
and splicing of meiotic genes when a diploid is exposed to
protracted, severe starvation. In each case, the capacity to
regulate expression of the relevant genes at the level of pre-
mRNA processing may contribute to fine-tuning the
kinetics of changes to gene expression.

Another potential function for regulation at the level of
pre-mRNA processing may be to dampen changes in
expression levels, which would be difficult to detect using
the measurements in this study. Some intron-containing
genes, such as GLC7, ACT1, and YRAI, are known to be
toxic when overexpressed, and the presence of an intron in
these genes may help prevent excess transcripts from being
expressed (Liu et al. 1992; Rodriguez-Navarro et al. 2002).
In the case of YRAI, the intron is required for an auto-
regulatory mechanism by which excess Yral protein prevents
splicing of the YRA]I transcript (Preker et al. 2002; Preker and
Guthrie 2006). For the ACT1 transcript, we see that many
stresses lead to increases in both the pre-mRNA and the
mature transcript. One explanation for this pattern could be
that under conditions of transcriptional up-regulation, splic-
ing can become rate-limiting, thus dampening the increase
in expression of a protein for which dosage is sensitively
regulated.

Our work has demonstrated that the presence of introns
in RPGs provides distinct opportunities for fine-tuning the
regulation of their expression under a wide range of stress
conditions. The broad scope of this investigation has allowed
us to gain insight into the contribution of regulation at the
level of pre-mRNA processing to the overall regulation of
gene expression in budding yeast. The capacity for diverse
regulatory responses has far-ranging implications for the
potential of this process to contribute substantially to
control of both the magnitude and kinetics of responses.
The high level of conservation of the pre-mRNA processing
machinery across all eukaryotes suggests that mechanistic
insights gained here, implicating CK2 in regulating stress-
responsive changes to pre-mRNA processing, are likely to
be broadly applicable. We expect that future investigations
utilizing this tractable model will continue to yield insight
into the mechanism of regulation at the level of pre-mRNA
processing.

MATERIALS AND METHODS

Strains and growth conditions

The strain yMB1 (Pleiss et al. 2007a) was used as the wild-type
strain in all stress experiments, and was constructed by repairing
the HIS3 locus in the BY4742 strain (Brachmann et al. 1998) by
homologous recombination of the full HIS3 open reading frame
into the partially deleted locus. The BY4742 strain is isogenic
except for the HIS3 locus, and was used as the histidine auxotroph
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in the histidine depletion experiments. The Ackbl Ackb2 strain
was constructed by crossing the MATa Ackbl ::KAN strain from
the deletion collection (Giaever et al. 2002) to the MAT«a
Ackb2::NAT strain carrying SGA markers (Fiedler et al. 2009).
From this cross, spores carrying both deletions, but none of the
SGA markers, were selected, and the HIS3 locus was subsequently
repaired as in yMBI, yielding the following genotype: MATa
Ackbl ::KAN Ackb2::NAT leu2A0 ura3A0. The Arrp6, Ackal,
Acka2, Ackbl, and Ackb2 strains were BY4741 strains from the
deletion collection in which the HIS3 locus was repaired as
described above, and the Ahogl strain was a BY4741 strain from
the deletion collection (Giaever et al. 2002).

In general, for each stress condition, a 50-mL culture was
grown to mid-log phase (OD600 0.3-0.7) in the appropriate
starting medium at 30°C, and then the stress was applied as
described below. Synthetic complete media is defined as: 6.7 g/L of
yeast nitrogen base (containing 5 g/L of ammonium sulfate, 1 g/L
of monopotassium phosphate, and 0.2 g/L of inositol, among
other vitamins and nutrients, from Difco unless otherwise noted),
the following supplemented amino acids and purines (all from
Sigma): 15 mg/L of valine; 20 mg/L of arginine, adenine, histidine,
methionine, tryptophan, and uracil; 30 mg/L of lysine, tyrosine,
and isoleucine; 50 mg/L of phenylalanine; 60 mg/L of leucine; and
200 mg/L of threonine, and 20 g/L of glucose. Rich media is
defined as 10 g/L of bacto yeast extract (Difco), 20 g/L of bacto
peptone (Difco), and 20 g/L of glucose. Except in the case of heat
shock, growth after the stress application was also at 30°C. A total
of 10-15 mL aliquots of culture were collected by centrifugation at
5, 10, 20, and 40 min after application of the stress, and cell pellets
were immediately frozen in liquid nitrogen.

3-Amino-1,2,4-triazole (3-AT) treatment

Yeast were grown to mid-log phase in synthetic media lacking
histidine, and then 3-AT (Sigma) was added to a final concen-
tration of 50 mM.

Amino acid depletion

Yeast were grown to mid-log phase in synthetic complete media
and then collected on a 95-mm nitrocellulose filter (Whatmann)
by vacuum filtration. Cells were washed with 500 mL of media
containing only yeast nitrogen base plus ammonium sulfate and
glucose, and were then resuspended in 50 mL of this media.

Histidine depletion

Yeast were grown to mid-log phase in synthetic complete media,
and then collected on a 95-mm nitrocellulose filter by vacuum
filtration. Cells were washed with 500 mL of synthetic media
lacking histidine and then resuspended in 50 mL of this media.

Sulfometuron methyl (SMM) treatment

Yeast were grown to mid-log phase in synthetic media lacking
isoleucine and valine, and then SMM (Sigma) from a stock
solution of 1 mg/mL of SMM in acetone was added to a final
concentration of 5 pg/mL.

Phosphate depletion

Yeast were grown to mid-log phase in synthetic complete media
and then collected on a 95-mm nitrocellulose filter by vacuum
filtration. Cells were washed with 500 mL of synthetic media made
using yeast nitrogen base that lacked monopotassium phosphate
(MP Biomedicals) and were then resuspended in 500 mL of this
media.

Glucose depletion

Yeast were grown to mid-log phase in rich media, and then
collected on a 95-mm nitrocellulose filter by vacuum filtration.
Cells were washed with 500 mL of rich media lacking glucose and
were then resuspended in 50 mL of this media.

Rapamycin treatment

Yeast were grown to mid-log phase in rich media, and then
rapamycin (Calbiochem) from a stock solution of 1 mg/mL in
90% ethanol, 10% Tween-20 was added to a final concentration of
200 ng/mL.

Wortmannin treatment

Yeast were grown to mid-log phase in rich media, and then
wortmannin (Sigma) from a stock solution of 1 mg/mL in DMSO
was added to a final concentration of 10 pg/mL.

Dithiothreitol (DTT) treatment

Yeast were grown to mid-log phase in rich media, and then DTT
(Sigma) from a stock solution of 1 M in water was added to a final
concentration of 10 mM.

Heat shock

Yeast were grown to mid-log phase in rich media, and then were
shifted to a 42°C water bath for 5 min with manual shaking.
Following the collection of the aliquot for the 5-min time point,
the culture was incubated on a rotary shaker at 42°C for the
remainder of the time course.

Lithium chloride (LiCl) treatment

Yeast were grown to mid-log phase in rich media, and then
collected on a 95-mm nitrocellulose filter by vacuum filtration.
Cells were washed with 500 mL of rich media containing 300 mM
LiCl and were then resuspended in 50 mL of this media.

Potassium chloride (KCI) treatment

Yeast were grown to mid-log phase in rich media, and then
collected on a 95-mm nitrocellulose filter by vacuum filtration.
Cells were washed with 500 mL of rich media containing 1 M KCl
and were then resuspended in 50 mL of this media.

Sodium chloride (NaCl) treatment
Yeast were grown to mid-log phase in rich media, and then

collected on a 95-mm nitrocellulose filter by vacuum filtration.
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Cells were washed with 500 mL of rich media containing 500 mM
NaCl and were then resuspended in 50 mL of this media.

Sorbitol treatment

Yeast were grown to mid-log phase in rich media, and then
collected on a 95-mm nitrocellulose filter by vacuum filtration.
Cells were washed with 500 mL of rich media containing 1 M
sorbitol and were then resuspended in 50 mL of this media.

4,5,6,7-Tetrabromo-2-azabenzimidazole
(TBB) treatment

For TBB treatment alone, yeast were grown to mid-log phase in
rich media, and then TBB (Sigma), from a stock solution of 10
mM in DMSO, was added to a final concentration of 20 pM. For
pretreatment with TBB, yeast were grown and stress was applied
as described above, but TBB was added to a final concentration of
20 wM 20 min prior to the application of the stress.

Growth assays

Yeast were grown to mid-log phase and were then diluted to an
ODgpp nm of 0.1. From this, fourfold serial dilutions were made
and spotted on agar plates containing the indicated nutrients
and/or drugs. Plates were incubated at 30°C for 2—4 d.

Microarrays

RNA was isolated from the frozen cell pellets by hot acid phenol
extraction as has been described previously (Schmitt et al. 1990).
Briefly, pellets were resuspended and mixed vigorously in equal
volumes of acid phenol and aqueous buffer, then incubated for 15
min at 65°C, mixing vigorously every 2—-3 min. An equal volume
of chloroform was added and the mixture transferred to a 2-mL
phase-lock tube (eppendorf). The mixture was additionally
extracted with an equal volume of phenol:chloroform:isoamyl
alcohol and then an equal volume of chloroform. The aqueous
phase was transferred to a new microcentrifuge tube and sodium
acetate was added to a final concentration of 300 mM. An equal
volume of isopropyl alcohol was added, and the RNA was allowed
to precipitate for at least 2 h at —20°C. The precipitated RNA was
washed once with 70% ethanol, dried, and resuspended in water.
A total of 50 pug of RNA was used for each cDNA synthesis
reaction to generate cDNA for dye-flipped replicate arrays. cDNA
synthesis, clean-up, and labeling was carried out in 96-well plate
format, and hybridization to a custom splicing microarray platform
was performed as described previously (Pleiss et al. 2007b).

Microarray image analysis and preprocessing

Microarray images were acquired using an Axon Instruments
GenePix 4000B scanner, reading at wavelengths of 635 and 532
nm (Molecular Devices, http://www.moleculardevices.com). Im-
age analysis was performed using Axon Instruments GenePix Pro
version 6.0. Ratio values derived from the median pixel intensities
for the 635- and 532-nm images of each spot were used to
represent probe behaviors in data preprocessing analysis. A
standardized qualitative assessment of array quality was performed
using the Bioconductor arrayQuality package, version 1.4.0 s
(Gentleman et al. 2004). Spot ratio data were log2 transformed
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and normalized within each array using print-tip-based loess
regression implemented in the Bioconductor MArray package
(Wang et al. 2002). As all experimental contrasts are represented
in the data set at least twice (as dye-flipped replicates) and as
many as six times for biological replicates, both within-array and
between-array data replication were analyzed for data quality.
Array pairs with lower than 80% correlation values were discarded
from any further analysis. Additionally, arrays showing excep-
tional within-array variability (measured by mean replicate
variance >2 SD above average across data set) were discarded
from further analysis. The final microarray data set represents 594
unique hybridizations covering each experimental contrast with
between two- and sixfold replication. Prior to higher order analysis,
within- and between-array replicates on high-quality arrays were
averaged. Files containing the preprocessed and averaged data for
all experiments are available online at http://biochemistry.ucsf.edu/
labs/guthrie/bergkesselWhitworth2011.html.

Clustering

Hierarchical clustering was performed using the R standard
library distance matrix computation (Becker et al. 1988; Borg
and Groenen 1997). After preprocessing, data were clustered
without centering or filtering. Unless otherwise noted, distance
calculations were performed using Euclidean distance, and clus-
tering was performed among centroids. Clustering heatmaps were
drawn using the R standard library “heatmap” function without
scaling and with color saturation values at fold changes of 2~
shown as blue and 2** shown as yellow. Row and column
annotations, including RPG transcript location and k-means
clustering classes, were also drawn using this package. K-means
clustering was performed with the C Clustering Library (v. 1.49)
implementation (de Hoon et al. 2004) using Euclidean distance to
classify transcript behaviors (Fig. 8A) and Kendall’s tau to classify
environmental treatments (Fig. 1). For k-means clustering, solu-
tions were calculated for all possible response class numbers [k =
2—(n—1)], and models failing to show robust solutions over 103
independent runs were discarded. For pairwise transcript distance
matrix calculations, experimental time points were chosen from
each stress data set representing the largest average absolute
transcript level change between experimental and control samples.
Similarity in transcript behaviors across all stresses was calculated
using Euclidean distance. This similarity matrix was then clustered
using hierarchical clustering and k-means clustering (both as
described above).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article and may
be viewed online at http://biochemistry.ucsf.edu/labs/guthrie/
bergkesselWhitworth2011.html.
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