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In an effort to identify sets of yeast genes that are coregulated across various cellular transitions, gene
expression data sets derived from yeast cells progressing through the cell cycle, sporulation, and diauxic shift
were analyzed. A partitioning algorithm was used to divide each data set into 24 clusters of similar expression
profiles, and the membership of the clusters was compared across the three experiments. A single cluster of 189
genes from the cell cycle experiment was found to share 65 genes with a cluster of 159 genes from the
sporulation data set. Many of these genes were found to be clustered in the diauxic-shift experiment as well.
The overlapping set was enriched for genes required for rRNA biosynthesis and included genes encoding RNA
helicases, subunits of RNA polymerases I and III, and rRNA processing factors. A subset of the 65 genes was
tested for expression by a quantitative-relative reverse transcriptase PCR technique, and they were found to be
coregulated after release from alpha factor arrest, heat shock, and tunicamycin treatment. Promoter scanning
analysis revealed that the 65 genes within this ribosome and rRNA biosynthesis (RRB) regulon were enriched
for two motifs: the 13-base GCGATGAGATGAG and the 11-base TGAAAAATTTT consensus sequences. Both
motifs were found to be important for promoting gene expression after release from alpha factor arrest in a test
rRNA processing gene (EBP2), which suggests that these consensus sequences may function broadly in the

regulation of a set of genes required for ribosome and rRNA biosynthesis.

Ribosome biosynthesis is a complex and demanding process
that depends directly upon multiple metabolic pathways, in-
cluding the activities of three different RNA polymerases (re-
viewed in references 21 and 27). In Saccharomyces cerevisiae
there are 137 ribosomal protein genes (RP genes), and they are
transcribed by RNA polymerase II to yield 78 ribosomal pro-
teins. Because the RP genes are transcribed at such a high
level, together they account for nearly 50% of the total RNA
polymerase II-mediated transcription initiation events (18).
The 258, 18S, and 5.8S rRNAs are synthesized by RNA poly-
merase I, first as a large 35S transcript that subsequently gets
processed into the three smaller, mature species. Synthesis of
the 5S rRNA is distinct from the other rRNAs and is carried
out by RNA polymerase III. In order to achieve the high levels
of rRNA production that are required during rapid cell divi-
sion, yeast cells contain roughly 150 repeats of the rRNA genes
in a tandem array on chromosome XII. Together, these repeats
represent 10% of the genome, and rRNA production alone
accounts for some 60% of the total cellular transcription.

Ribosome biogenesis also depends upon the activities of a
large number of protein and RNA molecules that are not
themselves components of the final ribosome. The complex
processing pathway that converts the 35S precursor rRNA into
the mature 25S, 18S, and 5.8S rRNA species requires a mul-
titude of factors, including RNA endonucleases, exonucleases,
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RNA helicases, base modification enzymes, and small nucleo-
lar RNAs (24). Many of these processing factors are nucleolar
proteins that were identified through the characterization of
mutants that exhibit defects in ribosome biosynthesis. For ex-
ample, Ebp2p is an essential, nucleolar protein that is required
for processing of the 27S pre-rRNA (13). Temperature-sensi-
tive ebp2-1 mutants become depleted of the mature 25S and
5.8S rRNAs at the restrictive temperature, and this diminution
leads to a decline in ribosome production and the cessation of
cell division. Similarly, there are dozens of other genes whose
essential functions relate to the roles they play in rRNA bio-
synthesis.

Given the importance of ribosome biogenesis to the total
economy of cellular metabolism, it is perhaps not surprising
that cells have evolved mechanisms to regulate this process.
Yeast cells can modulate ribosome production in response to
nutrient availability, heat shock, and defects in the secretory
pathway (27). The major mechanism whereby cells effect this
regulation is through transcriptional control, and both heat
shock and secretory defects cause a rapid repression of rRNA
and RP gene transcription (18, 19). Most RP gene promoters
contain two Raplp binding sites (17) and Raplp can act both
as an activator and as a silencer of transcription (20). Although
promoter swap experiments have demonstrated that the
Raplp binding sequences from the RPL30 promoter are suf-
ficient to confer the repression response when placed upstream
of the ACTI gene, they are not the only cis-acting elements
involved in this response (18).

The recent development of microarray hybridization tech-
nologies has provided the opportunity to investigate the regu-
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TABLE 1. S. cerevisiae strains used in this study

Strain Alias Relevant genotype Source
yMM13 CHI1584  MATa leu2Al trplA63 ura3-52 Connie Holm
yMM177  CH355 MATa his4-539 lys2-801 ura3-53 ~ Connie Holm
yMM354 MATa leu2Al trplA63 ura3-52 This study
pMM147 (EBP2AN62 LEU?2)

yMM355 MATa leu2Al trplA63 ura3-52 This study
pMM322 (p-M1 EBP2ANG62
LEU2)

yMM373 MATa leu2Al trplA63 ura3-52 This study

pMM341 (p-M2 EBP2ANG2
LEU2)

lation of gene expression on a genome-wide scale (10). By this
approach researchers have been able to compile very large
data sets that include transcription profiles for nearly all of the
known yeast genes. These data sets include expression profiles
derived from cells proceeding through the cell cycle, as well as
expression responses to external stresses and drug treatments
(5, 7, 11, 23). Analysis of these data sets has identified clusters
of genes that exhibit similar expression profiles. The members
of these clusters could potentially represent common targets of
a particular transcriptional control pathway, such as genes con-
taining the MCB element in their promoters. Alternatively, the
clusters could represent sets of genes that are regulated by
different mechanisms to achieve a coordinated response to a
particular cellular requirement or stimulus. In either case, the
identification and characterization of these clusters provide
insights into how cells coordinate and regulate gene expression
networks in response to diverse stimuli.

In this study we have used microarray expression data (7, 9,
23) to identify a novel cluster of coregulated genes. This regu-
lon is enriched for genes that encode for proteins that have
been implicated to play a role in RNA metabolism and rRNA
processing. Promoter analysis reveals that this set of genes is
highly enriched for two sequence motifs that are preferentially
located between 50 and 200 bp upstream of their respective
translation initiation sites. Site-directed mutagenesis was used
to demonstrate that both promoter elements were important in
vivo for regulating the expression of the rRNA processing-
related EBP2 gene after release from alpha factor arrest.

MATERIALS AND METHODS

Strains and media. The yeast strains and plasmids used in this study are
described in Table 1. Standard yeast genetic and molecular biology techniques
were used throughout (1, 12), and a list of the oligonucleotides used here can be
found in Table 2.

Cluster analysis. The microarray time-series data was analyzed by using the
Partitioning Around Medoids (PAM) algorithm provided by the SPLUS statis-
tical analysis software package (22). PAM is a variant of the well known “k-
means” cluster algorithm for grouping multidimensional data. The relative ex-
pression measurements at 7 time points for each gene on the microarray
correspond to a single point in a 7-dimensional space. Nearby genes in this
T-dimensional space will have similar expression profiles over time. The goal of
the cluster algorithm is to identify the groups of points (genes) that are close
together but far from other groups. The user specifies the number, k, of groups
or clusters to be found and then the program automatically optimizes the mem-
bership of the clusters to minimize the distance between members of the cluster
and to maximize the distance from other clusters (see reference 15 for details.).

Before application of the algorithm, the large group of genes that remain
relatively constant across each experiment were removed. The cutoff level was
chosen so that ca. one-half of the 6,000 genes would be included in the final
cluster analysis. This cutoff varied from the requirement that the relative expres-
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sion in at least one time point change by 1.65-fold for the alpha-pheromone
experiments to a 2-fold change in the sporulation experiments.

The PAM algorithm was then applied to the (ca. 3,000) gene time-series. The
“distance” between genes was determined by the Euclidean metric applied to the
log-ratio time series. The log ratio was defined as the log,(gene expression value
at a given time point/control gene expression value). We searched for k = 24
clusters so that each cluster would contain roughly 100 to 150 genes. For each
experiment the clusters were graphically characterized by the time series of the
most representative gene (the “medoid”) of the cluster, and a list of genes in
each cluster was generated along with a quantitative measure of the “strength”
of their membership. A complete list of the cluster membership can be obtained
from the authors or at the ribosome and rRNA biosynthesis (RRB) regulon
website (http://mmcalear.web.wesleyan.edu/rrb-regulon/).

Statistical analysis of clusters across experiments. To estimate the numbers of
overlapping genes from a purely random sampling of N = 3,000 genes, we first
computed the probability that any particular set of m genes found in a cluster in
the first experiment would be found in a cluster of size n, in the second exper-
iment:

PN _ (N —m)! n,! 1
\ (N, np, m) = Nit, —m)l 1)
However, since there are
ny!
m!(n, —m)!

different ways of choosing a particular set of m genes from the n, genes in the
original cluster in the first experiment, the probability that a cluster with n, genes
in the first experiment shares m genes with a cluster of size n, in the second
experiment can be estimated by the equation:

n! (N —m)! n,!

Pa (N o s m) = o =20 NT Gt — )]

@

Note that equation 2 is an overestimate, since it double counts the occurrence of
the same m + 1, m + 2, ... genes in both clusters. As a consequence, this
estimate erroneously gives a probability of >1 when m is small. Finally, since
there are n, = 24 clusters in the first experiment that can be compared with any
of the n, = 24 clusters in the second experiment, P,(N, n,, n,, m) should be
multiplied by a factor of n.? to estimate the odds of finding m genes in common
between any two clusters in the two experiments by chance.

TABLE 2. Oligonucleotides used in this study

Name Sequence (5’ to 3")

EBP2-CP3 GGAGGATCCTTATGCGGCTCTCTTTCCGTT

EBP2-CP6. .GATCGTCGACCCTTAGAATCTTCTGGCACGTCT

EBP2-CP12... CAGACTCAGAGTCACTTTTGGCC

EBP2-CP1A4............... CGAGGACGTCGGAATGTATTTAGGCAGAAATA
AAAAATTTTCAG

EBP2-CP15............... GGACGACGTCATGTCCCGATGAGTAGTTAT

EBP2-WPI11.............. GGCGCGATGCATAAAGATCTATACGATGATAC
TGAAAGG

EBP2-WP14.............. GTTGAACAACGGTATATAGAGAATG

EBP2-WPI6.............. GGACGACGTCACTTTATAGAATTTTACGCTGTT
AAAAAG

EBP2-WP21.............. GGACGACGTCAATTATTTCTGCCTAAATAC

HHT1&2-WP1......... CCACTGGTGGTAAAGCCCC

HHT1&2-CP1..........CGACGGATTCTTGCAAAGCACCG
NOP2-WPI............... GATGAAGATAATGACGCCCACCC
NOP2-CP1................ CTCCATCGCCTCTGCTGGTGAG
pMM147-WP1........GGGAAGGGCGATCGGTGCGG
ROKI-WP1 .............. GGCATGTGGTCCCACAGGGTCTGG
ROKI1-CP1 CGATGGCTCTCTACAGGCGCTC
RRS1-WP1... .CGGAGTCTGTAGGTGGC

RRS1-CP1
SW14-WP1
SW14-CP1
SW16-WP1
SW16-CP1 .... .
YMLO93W-WPI ......
YMLO93W-CP1 .......

.GCGCCCTTGTAGCCCCAC

GTAGCGGAACTTCATACGTCG
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By using this very conservative estimate for the random probability that two
clusters from two different experiments share m genes, we can assess whether an
observed overlap could have occurred by chance or indicates a systematic rela-
tionship among the common genes. For example, equation 2 predicts that the
random probability of the overlap of m = 65 genes between two clusters of size
ny = n, = 125 sampled out of ca. 3,000 genes is 1.2 X 10~°? which is much, much
smaller than 1/n.2 = 2 X 1073, These estimates indicate that only an overlap of
ca. 16 genes could be attributed to chance.

Alpha factor arrest, heat shock, and tunicamycin treatment. Yeast strains
were grown to a density of 3 X 107 cells/ml in either yeast extract-peptone-
dextrose (YPD; pH 5.5) (yMM13 and yMM177) or synthetic complete (SC)-Leu
liquid medium (yMM354, yMM355, and yMM373) at 30°C. The cultures were
arrested by the addition of alpha factor for 2 h at a final concentration of 5 wg/ml.
The cells were washed free of the alpha factor and released into fresh medium
at 30°C. At the indicated time intervals, 10-ml aliquots of the cultures were
collected on ice, harvested with a table-top centrifuge, and flash-frozen in a dry
ice-ethanol bath.

The heat shock experiment was performed by growing strains in either YPD
(yYMM13 and yMM177) or SC-Leu liquid medium (yMM354, yMM355, and
yMM373) at 25°C to ca. 3 X 107 cells/ml. The cells were harvested by centrifu-
gation and then resuspended in YPD or SC-Leu medium at 37°C. Samples were
incubated at 37°C, and aliquots were collected every 10 min and then flash-frozen
in dry ice and ethanol.

For the tunicamycin treatment, cells were grown in liquid YPD medium to a
concentration of 3 X 107 cells/ml, and then tunicamycin was added to a concen-
tration of 1 pg/ml. Cultures were incubated at 30°C, and samples were collected
as outlined above.

RNA preparation and relative quantitative RT-PCR. Total RNA was prepared
from the samples by using a hot acidic phenol extraction protocol (1). The
concentrations of the RNA preparations were determined by spectrophotome-
try, and aliquots were tested by electrophoresis on 1.2% agarose-2.2 M formal-
dehyde gels. The samples were treated with DNase I (Ambion Co.) and tested by
PCR to confirm that there was no contaminating DNA. Then, 2 pg of RNA from
each sample was incubated with reverse transcriptase (RT) to yield cDNA as per
the instructions in the Ambion RETROscript kit. PCRs were then performed as
described by Ambion’s QuantumRNA Universal 18S rRNA Internal Standards
Kit. Briefly, for each gene, PCRs were performed to determine the linear range
of amplification that would permit a quantitative assessment of expression levels
(typically between 14 and 24 amplification cycles). We then empirically deter-
mined the 18S rRNA primer-to-competimer ratio that would allow for an ap-
propriate level of amplification for the 18S rRNA internal control. PCRs con-
taining two pairs of oligonucleotides (one for the 18S rRNA control and one for
the gene of interest) were performed in the presence of [a-*>P]dATP, and the
fragments were separated by gel electrophoresis. The PCR products were quan-
tified by Phosphorlmager analysis and ImageQuant software. For each time
point of each gene series the number of counts in the PCR product of interest
were divided by the number of counts in the internal 18S control. Expression
levels across a time course were then normalized to a mean of expression level
of 1.

Construction of the motif 1 and motif 2 promoter element substitution strains.
The two promoter motif elements located upstream of the EBP2ANG2 allele
were altered by a PCR-based substitution strategy. Briefly, pairs of oligonucle-
otides were used to amplify separate DNA fragments that flanked the motif
sequences within plasmid pMM147. Each of these fragments contained altered
sequences including an Aarll site at one end in place of the normal motif
sequences. The two DNA fragments were digested with either AarII and Ncol or
Aatll and HindIII to produce compatible sticky ends. These two inserts were
then ligated with an Ncol and HindIII fragment from plasmid pMM147 and
transformed into Escherichia coli. The resulting motif 1 and motif 2 substitution
plasmids (pMM322 and pMM341, respectively) were recovered, sequenced, and
transformed into yeast strain yMM13.

RESULTS

Clustering of microarray expression profiles. Genome-wide
changes in gene expression have been monitored by microarray
analysis as yeast cells progress through a variety of conditions,
including traversal through the cell cycle (23), through sporu-
lation (7), and through diauxic shift (9). Each of these studies
produced large data sets containing time course expression
profiles for more than 6,000 yeast genes. In the effort to iden-
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tify groups of genes that share similar transcription patterns,
these data sets were independently analyzed by using a parti-
tioning cluster algorithm (described in Materials and Meth-
ods). This algorithm is designed to divide the data set into
groups of genes that are similar to one another and yet distinct
from other groups. As initial parameters for this partitioning,
we limited the analysis to the expression profiles that varied the
most within each data set (ca. 3,000 genes in each case), and we
set the number of clusters to be 24. Although somewhat arbi-
trary, these parameters were chosen to exclude those genes
that varied the least over the respective time courses and to
allow for the potential discrimination of many different expres-
sion profiles. The resulting clusters typically contained 75 to
175 genes each, and the relative “strengths” of membership for
each gene within a cluster could be assigned based on the
similarity of their profiles to the most representative or medoid
gene.

Analysis of the expression profiles and memberships of the
clusters revealed that several sets overlapped with groups of
genes that were previously identified to have distinct time
courses in the transcriptional programs for the cell cycle,
sporulation, and diauxic shift (Fig. 1). For example, the 24
clusters derived from the alpha factor arrest and release ex-
periment (23) included seven clusters (totaling 523 genes) that
clearly oscillated through two full cell cycles. With a few ex-
ceptions, the memberships of these clusters corresponded to
those previously identified as being maximally expressed within
the G,, S, G,, M, and M/G; stages of the yeast cell cycle (23).
One such cluster contained the histone genes, and they exhib-
ited the characteristic expression profile of genes that peak in
S phase. The remaining 17 clusters contained genes that varied
by at least 1.65-fold at at least one time point but did not
exhibit a strong cell cycle dependence.

Similarly, the grouping of the sporulation and diauxic-shift
data sets identified clusters of genes that have previously been
described as being important for the execution of these path-
ways. Our sporulation cluster number 24 contained 34 genes,
and it included members of the Early I gene set recognized (7)
as being important for chromsome synapsis or recombination
(i.e., the ZIP1, DMCI1, HOPI1, and IME?2 genes). In addition to
these previously identified gene sets, there were numerous
gene clusters that have not previously been characterized.

Progression through the cell cycle, sporulation, and diauxic
shift all involve significant changes in the metabolic activities of
the cell. In order to identify sets of gene that could potentially
be important for more than one of these transitions, we inves-
tigated whether any of the clusters from one experiment
shared an unusual number of genes with a cluster from another
experiment. We reasoned that this approach could potentially
identify gene sets whose regulation is important for general
aspects of yeast cell metabolism. In the case where there was
the largest degree of overlap, a single cell cycle cluster of 189
genes shared 65 genes with a sporulation cluster of 159 genes.
In both cases, the clusters were characterized by expression
profiles that varied transiently and did so at the beginning of
their respective metabolic transitions. The large degree of
overlap between these two gene sets was striking, since for all
of the other cluster pairs, no two groups had more than 24
genes in common. The probability that these two clusters from
two different experiments could have 65 genes in common by
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FIG. 1. Yeast gene expression profiles derived from microarray experiments were analyzed by a partitioning algorithm and grouped into 24
clusters. One gene expression data set came from cells after release from alpha factor arrest (23) (A), and another was derived from cells
progressing through sporulation (7) (B). Expression profiles of two clusters from each set of 24 groups are depicted, including the number of genes
within the cluster and the expression profiles of representative members. The gene expression profile corresponding to the medoid of each cluster

is indicated by “M.”

chance, estimated by using equation 2 (see Materials and
Methods) is P(3,000, 189, 159, 65) = 2 X 10~ %,

In addition, many of these 65 genes were also found in two
similar clusters of genes in the diauxic-shift experiments that
showed a sharp decrease in expression at the start of the
diauxic shift (9). The original cluster of 189 genes from the
alpha factor release experiment shared 62 genes with the two
diauxic-shift clusters with a combined total of 211 genes. The
probability of this large overlap occurring by chance is esti-
mated to be P(3,000, 189, 211, 62) = 2 X 10~ ?°, Therefore, the
overlapping set of 65 genes appear to be coregulated across
different growth conditions.

A set of rRNA biosynthesis genes are coregulated. Since the
theoretical calculations indicated that the set of 65 genes were
highly unlikely to have been cogrouped into two distinct clus-
ters by chance, we investigated this subset further to ascertain
whether there was a physiologically relevant basis for their
apparent coregulation. To do this, we first scanned the gene set
to determine whether the members have been implicated to
function in common areas of metabolism. There is little known
about nearly half of the 65 genes in this set; however, for those
genes that have reported activities, many encode proteins that
function in aspects of rRNA metabolism (Table 3). There are
six known or putative RNA helicases, three subunits of either
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RNA polymerase I or III, and twelve other proteins that have
been indicated to function in TRNA processing or ribosome
biogenesis. This observation is significant, since in a random
selection, less than 10% of the characterized genes would be
expected to have functions related to rRNA biosynthesis. Of
particular interest to us was the coinclusion of the EBP2 and
RRS1 genes in this gene set. Ebp2p and Rrslp interact, and
both are essential proteins that function in the rRNA process-
ing pathway (13, 25). Because this set of 65 coregulated genes
is enriched for genes that are required for ribosome and rRNA
production, we suggest that they may represent members of an
RRB regulon. It is worth noting that this set does not include
any of the RP genes themselves.

Although microarray analysis is a powerful technique for
measuring gene expression levels of large sets of genes, this
approach is subject to experimental variations within and be-
tween individual hybridizations. In order to independently
measure gene expression levels, we used a relative-quantitative
RT-PCR technique (see Materials and Methods). Briefly, in
this approach RNAs are first converted to cDNAs, and then
gene-specific oligonucleotides are used to quantitatively am-
plify the cDNA fragments (reviewed in reference 4). When
care is taken to ensure that the genomic DNA is removed prior
to the RT step and that the amplification reactions fall within
a linear range, one can obtain a representative expression
profile (Fig. 2). To account for differences between samples in
a time course experiment, an internal 18S rRNA-derived frag-
ment is coamplified for each reaction. Because the consistently
high levels of rRNA within the RNA preparations would over-
whelm the amplification reactions, nonamplifying rRNA com-
petimer oligonucleotides are used to dampen the rRNA signal
to a level that is comparable to the mRNA of interest. Once
the appropriate competimer ratio and amplification cycles are
determined for a given gene, the relative transcript abundance
can be calculated in relation to the 18S rRNA levels. It should
be noted that the relative mRNA expression levels, as detected
by this analysis, are influenced both by changes in transcrip-
tion, as well as mRNA turnover rates.

The RT-PCR technique was used to assess the expression
profiles of a subset of genes from within and outside of the
RRB cluster. Cells were first arrested with alpha factor, and
then samples were collected every 10 min after release into the
cell cycle. The efficiency of the arrest and release protocol was
confirmed by monitoring the cells for the appearance of
schmoos and new buds, respectively (data not shown). In order
to validate the RT-PCR technique for obtaining relative
mRNA transcript profiles, we used it to monitor histone
(HHT2) gene expression levels in three independent experi-
ments (Fig. 3). In each case, the profiles matched the expected
pattern for an S-phase-expressed gene, and they correlated
very well with the HHT?2 microarray derived expression pro-
files. Similarly, we observed that our measurements of the
SWI4 transcript levels were consistent with microarray data,
although, by comparison, our profiles appeared to be delayed
by 5 to 10 min.

Having determined that the RT-PCR technique could re-
producibly corroborate the microarray profiles, we then inves-
tigated a sampling of genes from the RRB cluster. Five genes
were chosen for this analysis (EBP2, RRS1, ROKI, NOPI, and
YML093W), and as expected from this cluster analysis, they
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exhibited similar expression profiles (Fig. 3C). Although the
five genes exhibited a transient peak of expression 10 min after
release from arrest, the RT-PCR expression profile was unlike
the microarray data. The microarray profiles indicated that,
rather than increase, the expression levels of these genes tran-
siently declined after release from arrest. Differences in strain
handling procedures could potentially be responsible for this
discrepancy, particularly if one set of cell harvesting conditions
triggers a stress response (see Discussion). In this regard, the
microarray profiles for the RRB genes in the alpha factor
release experiment (23) were similar to profiles observed when
cells respond to stressful conditions (11). In any case, the
sample of RRB cluster members did exhibit similar profiles,
and they were unlike the expression patterns for the nonmem-
ber gene controls.

If the genes of the RRB cluster are members of a regulon,
one might expect them to be coregulated under a variety of
conditions. To test this hypothesis, we monitored gene expres-
sion levels following a shift from 25 to 37°C. Since heat shock
has previously been shown to temporarily repress transcription
of the rRNA and RP genes, we reasoned that it could also
impact upon the transcription of the rRNA processing factors.
RNA samples were collected from cells after a shift from 25 to
37°C, and transcript levels were determined by the RT-PCR
technique (Fig. 4A). As a group, the RRB cluster subset ex-
hibited similar profiles, with a transient drop in expression that
recovered by 30 min after the heat shock. These profiles were
similar to those that have been reported for these genes in
microarray experiments (11) and were unlike the expression
profile determined for the HHT2 gene.

We also tested whether the RRB sample subset was affected
by the drug tunicamycin. Tunicamycin is known to interfere
with the yeast secretory pathway, and this stress subsequently
leads to an inhibition of rRNA biogenesis (19, 25, 26). Gene
expression levels were monitored after cells were treated with
tunicamycin, and again the RRB cluster subset of genes
yielded similar profiles. After an initial rise, there was a grad-
ual decline in expression levels that continued for at least two
more hours (Fig. 4B and data not shown). Since this expression
pattern was not observed for either the SWI6 or HHT?2 genes,
it does not represent a general transcriptional response to
tunicamycin treatment.

RRB gene promoters share common sequence motifs. One
mechanism by which the RRB cluster of genes could be reg-
ulated is through their sharing of common regulatory se-
quences within their promoters. To identify any such se-
quences, we used the MEME program (2) to scan through the
500 bp of sequence that are immediately upstream of the
coding sequences for each gene member. This program iden-
tified two enriched sequence motifs, each of which was present
in at least 41 of the 65 RRB cluster promoters (Fig. 5 and
Table 3). Motif 1 is a 13-base G(C/A)GATGAG(A/C)TGA
(G/A) consensus sequence that is found 50 times (upstream of
44 genes) within the RRB cluster promoters. The correspond-
ing P values for each of these occurrences range from 2.3 X
107° to 3 X 10~°. Within motif 1 one can recognize the 11-
base GATGAGATGAG tandem repeat sequence. There are
67 perfect matches to this 11-base sequence within the entire
yeast genome, and remarkably, 21 of these sequences can be
found within the 65 RRB cluster promoters (i.e., upstream of
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TABLE 3. Genes of the RRB cluster
Motif?

Gene Pathway* Activity and/or function ; 5
YGL171W ROKI rRNA processing RNA helicase —-107 W —120 W
YJLO33W HCA4 rRNA processing RNA helicase -94C,-79C —-125C
YMR290C HAS! RNA processing RNA helicase (nucleolar) —108 W —168 W
YGL120C PRP43 mRNA splicing RNA helicase —-122 W —-140 W
YKR024C DBP7 rRNA processing RNA helicase (putative) —141'W, =345 C
YLR276C DBP9Y Unknown RNA helicase (putative) -155C
YJL148W RPA34 Transcription RNA polymerase I subunit —124 W, =222 C
YNL248C RPA49 Transcription RNA polymerase I subunit —132 W —147 W
YNL113W RPC19 Transcription RNA polymerase I and III subunit —129 W
YNRO054C Transcription Nucleolar protein —88 W
YKL172W EBP2 rRNA processing Unknown 87 W -114 W
YOR294W RRS1 rRNA processing Unknown —-123 C
YLR197W SIKI rRNA processing U3 snoRNP complex —-129 W —113 W, —174 W
YNLO002C RLP7 rRNA processing Nucleolar protein —-102 W —141' W
YLR175W CBF5 rRNA processing Pseudouridine synthase —147 W, =203 W
YGR159C NSRI rRNA processing Nucleolar protein —-192 C —-173 C
YNLO61W NOP2 rRNA processing Nucleolar protein —-136 C, —112 W -193 C
YHRO88W RPFI rRNA processing Unknown —-101 W
YMR131C RSA2 Ribosome biogenesis Nucleolar protein —-105 W —-161 W
YOLO077C BRX1 Ribosome biogenesis Nucleolar protein —-162 W
YMRO049C ERBI Ribosome biogenesis Unknown -95 W —120 W
YGLO029W CGRI1 Ribosome biogenesis Nucleolar protein —133 W
YNL175C NOPI3 RNA processing Nucleolar protein —-101 W -129 C
YPR112C MRD1 RNA processing Unknown -9 C
YAL025C MAK16 RNA processing Unknown —137 W
YOR361C PRTI Protein synthesis Translation initiation factor eIF3 subunit
YBRO79C RPG1I Protein synthesis Translation initiation factor eIF3 subunit -9 W, =330 W
YNLO062C GCDI10 Protein synthesis Translation initiation factor eIF3 subunit —204 C, —228 C —143 W
YHR196W Unknown Nucleolar protein 132 W
YGR103W Unknown Nucleolar protein —131 W —107 W, =143 W
YPLO93W NOGI Unknown Nucleolar protein -148 C -131 C
YBRO84W MIS1 Folate metabolism Cl-tetrahydrofolate synthase
YDR465C RMT2 Arginine metabolism Arginine methyltransferase -107 C -121 C
YIR026C YVHI Sporulation Protein phosphatase =75 W
YOR272W YTM1 Cytoskeleton (putative) Microtubule-associated protein -142 C -169 C
YDR299W BFR2 Protein translocation Unknown -111'W —126 C
YGR245C SDAI Cell cycle control Unknown -150 C
YCRO55C Cell polarity Unknown
YALO036C FUNI11 Unknown Unknown —-170 W
YBL054W Unknown Unknown —237T W, =252 W
YBR172C SMY2 Unknown Unknown —40 C
YBR247C ENPI Unknown Unknown —138 W
YCRO072C Unknown Unknown -94 W —129 W
YDL167C Unknown Unknown —-116 W
YDR101C Unknown Unknown -82 W
YDR365C Unknown Unknown —124 C —154 C
YGLO99W Unknown Unknown -135C
YGR145W Unknown Unknown -89 C, =253 W
YGR160W Unknown Unknown
YJL109C Unknown Unknown —-102 W -117 C
YJRO70C Unknown Unknown —144 W —-156 W
YKLO082C Unknown Unknown -97W —166 W, —430 C
YKL099C Unknown Unknown
YKL143W LTV1 Unknown Unknown -113 W
YLR002C Unknown Unknown —-122C
YLR401C Unknown Unknown -3 W
YML093W Unknown Unknown -95 W -116 C
YNLI110C Unknown Unknown -115C —155W
YNL132W Unknown Unknown —148 W —190 W, =358 W
YNL174W Unknown Unknown
YNRO53C Unknown Unknown —186 C -153C
YOL124C Unknown Unknown
YOR309C Unknown Unknown
YPLO12W Unknown Unknown —169 C -217W
YPR143W Unknown Unknown

¢ Abbreviated pathway and activity information as retrieved from the YPD database (http:/www.proteome.com) as of 15 June 2001.
® The values indicate motif positions in relation to the initiator ATG codons (W, coding strand; C, noncoding strand).
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FIG. 2. Gene expression levels can be assessed by a relative-quan-
titative RT-PCR technique. (A) RT-PCRs with primers specific to the
HHT?2 gene were performed on a total RNA sample derived from a
logarithmically growing culture of strain yMM177. The products were
labeled with [a-**P]dATP, separated by gel electrophoresis, and quan-
tified by phosphorimaging analysis. In order to determine the linear
range of the assay, levels of [«-**P]dATP incorporation were measured
for up to 26 amplification cycles. (B) RT-PCR assays were performed
simultaneously with primers sets specific to both the HHT2 and 18S
rRNA sequences. Increasing amounts of nonamplifying competimer
18S primers were added to dampen the 18S amplification reactions
down to a level comparable to the HHT?2 reaction.

only 1% of the total number of yeast genes). Typically, motif 1
sequences are located between 50 and 150 bases upstream and
on the same strand (60%) of their respective initiator codons.
Motif 2 is the 11-base TGAAAA(A/T)TTTT sequence. It is
present 48 times (upstream of 41 genes) within the RRB pro-
moters, and it is usually found on the same strand as the ATG
codon (67% of the time). Of the 65 RRB promoters, 29 con-
tain both motif 1 and motif 2 sequences, with a typical arrange-
ment of motif 2 occurring some 15 to 50 bp upstream of
motif 1.

MoL. CELL. BIOL.

Motifs 1 and 2 are important for the regulation of EBP2
gene expression in vivo. Given the high representation of se-
quence motifs 1 and 2 within the RRB cluster gene promoters,
we sought to determine whether they played a role in tran-
scriptional regulation in vivo. Since the promoter of the EBP2
gene contains both of these consensus sequences, we chose it
as a reporter gene. To test the elements, we constructed a yeast
strain that would allow us to simultaneously monitor expres-
sion levels in EBP?2 alleles that both contained and that lacked
the consensus sequences (Fig. 6). In this way, our experiments
would contain an internal control consisting of the integrated
wild-type EBP2 gene and promoter. To do this, we constructed
a CEN ARS LEU2 plasmid that contained a 62-codon N-
terminal EBP2 deletion construct that was driven by the nat-
ural EBP2 promoter. This allele produced a truncated but
functional Ebp2 protein. By choosing an appropriate single
pair of oligonucleotides, we could amplify and distinguish RT-
PCR fragments derived from transcripts of the normal, inte-
grated EBP2 allele and from the truncated, plasmid-borne
EBP2ANG2 construct (443 and 257 bp, respectively).

To test whether the plasmid-borne EBP2ANG2 allele exhib-
ited a transcription profile that was similar to the wild-type
EBP?2 allele, we arrested yeast strain yMM354 with alpha fac-
tor and released it into fresh medium. The transcription profile
of the EBP2ANG2 construct did very closely match the profile
of the wild-type allele, although the overall normalized levels
of the plasmid-derived transcripts were consistently higher (by
ca. 60%) than those of the integrated allele (Fig. 7A). This
elevated expression of plasmid versus integrated EBP2 alleles
could be due to the plasmid being present on average in more
than one copy per cell.

Next, we mutated the deletion construct promoter, replacing
the motif 1 element with a heterologous sequence that in-
cluded an Aatll restriction site. This plasmid was reintroduced
into yeast creating strain yMM355, and expression levels after
release from alpha factor arrest were monitored again. In
contrast to what was observed for the natural EBP2 promoter
plasmid, the p-M1 EBP2ANG62 plasmid allele did not exhibit
the characteristic EBP2 expression profile. We observed in
three separate experiments that the transient peak in expres-
sion that occurs 10 min after release from alpha factor arrest
was much less pronounced with this allele. We also altered
motif 2 sequences and tested that allele (p-M2 EBP2AN62) for
expression levels in strain yMM373. Again, motif 2 sequences
were found to be important for the characteristic peak of
expression that normally occurs soon after release from alpha
factor arrest. Also, the overall levels of expression were lower
for the p-M2 EBP2ANG?2 allele. The transcription profiles of
the integrated, wild-type EBP2 control allele remained consis-
tent across the three different yeast strains (i.e., compare the
EBP?2 profiles across the three panels of Fig. 7A). Thus, motif
1 and motif 2 sequences are highly enriched, positionally bi-
ased, and functionally important for the regulated expression
of at least one member of the RRB regulon (EBP2).

In order to investigate the extent to which motif 1 and motif
2 sequences contribute to the regulated expression of the EBP2
gene, the same set of alleles were monitored for expression
levels after heat shock treatment (Fig. 7B). In the case of heat
shock, the transcription profile of the EBP2ANG2 allele did not
match as closely the expression profile of the integrated EBP2
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allele. The decline in expression after heat shock was less
pronounced for the plasmid-borne allele, and the same general
expression profiles were observed for the plasmid alleles lack-
ing motif 1 and 2 sequences. However, as seen for the alpha
factor release experiment, the allele that lacked motif 2 se-
quences exhibited a lower overall level of expression. There-
fore, within the context of the alleles tested here, motif 1 and
2 sequences were found to be most important for promoting
EBP?2 expression soon after release from alpha factor arrest.

It is worth considering how the RRB regulon, as defined by
this study, relates to other groups of genes that are coordi-
nately regulated after changes in environmental conditions.
The environmental stress response group of genes includes
subsets of genes that are either induced or repressed after
exposure to a wide variety of conditions, including osmotic
shock, heat shock, nutrient deprivation, hydrogen peroxide,
and diamide or dithiothreitol treatment (11). The large set of
600 genes that are repressed after these stresses include genes
involved in growth related processes, such as nucleotide bio-
synthesis, RNA metabolism, protein synthesis, and secretion.
The RRB regulon appears to be a subset of the environmental
stress response (ESR) repression group. Interestingly, most of
the RP genes are also found within the ESR set, although as a
group, they exhibit an expression profile that is distinct from
the RRB set under a number of conditions, including heat
shock, diauxic shift, and diamide or dithiothreitol treatment
(Fig. 8). The fact that the clustering strategy that we used did
not result in any RP genes being included in the RRB gene set
also suggests that the regulation of the RP and RRB genes is
distinguishable. However, the overall transcriptional patterns
are consistent between these two sets of genes and can be
understood in terms of strategies that cells use to regulate cell
growth and division in response to varied conditions. It would
be appropriate for cells to increase rRNA and RP synthesis at
the onset of progression through the cell division cycle (i.e.,
after alpha factor arrest), as it would be to scale back these
processes at the onset of sporulation or diauxic shift. It will be
of interest to determine what factors regulate this set of genes
and how the respective signaling pathways are coordinated to
effect these rapid and genome-wide changes in gene expres-
sion.

DISCUSSION

In this study we have used computational analysis of gene
expression profiles to identify a set of coregulated genes that
function in various aspects of TRNA metabolism. However,
because the strategy used to define this gene set relied upon
both experimental data and computational assumptions, it is
likely that additional RRB genes exist and that some of the
listed 65 genes may not have rRNA-related functions. For
example, the original expression profile data sets were com-
piled from single microarray hybridizations on over 6,000
genes for each time point. The inevitable experimental varia-
tions that arise within or between hybridizations could signif-

YMLO93W genes (C) are indicated. Expression profiles as determined
by microarray hybridization studies were converted to a similar scale
and are depicted as indicated for the HHT2 and SWI4 genes (array).
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icantly affect the apparent expression profile for a given gene.
Because the RRB cluster profiles were typified by early and
transient gene expression changes, measurement errors in one
or two early expression time points would be particularly sig-
nificant. Additionally, by changing the parameters of the clus-
tering algorithm, one would tend to either merge (for low &
values) or split (for larger k values) sets of dissimilar expres-
sion profiles. The choice to divide the expression data sets into
k = 24 clusters was somewhat arbitrary, and it did produce
clusters that contained similar expression profiles. Therefore,
rather than being a definitive membership list for the RRB
regulon, the identified set of 65 coregulated genes from the
overlap of a single cell cycle cluster and a single sporulation
cluster is perhaps best considered as representatives of the
RRB regulon.

Even though the exact membership of the RRB regulon as
defined in this study is likely to be incomplete, the identifica-
tion of this class of genes is useful. One prediction is that the
large fraction of uncharacterized genes within the RRB cluster
may also have rRNA-related functions. Likewise, it is possible
that even the genes reported to have functions in other aspects
of cellular metabolism could also play a role in rRNA metab-
olism. For example, the Cbf5 protein, originally identified as a
centromere-binding factor, is now believed to be involved in
rRNA pseudouridylation (16). Similarly, since translation ini-
tiation factor 6 (eIF6) has recently been shown to be involved
in pre-rRNA processing (3), eIF3 could have a similar role.

One can also investigate other known ribosome and rRNA
metabolism-related genes and determine whether they, too,
exhibit expression profiles characteristic of the RRB cluster
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tifs that cluster to positions between 50 to 200 bp upstream of their
respective genes. (A) The MEME program was used to identify se-
quence motifs that are highly represented within the 500 bp of se-
quence immediately upstream of the RRB cluster genes. The consen-
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two examples of the promoter occurrence set that correspond to the
highest and lowest P values, as defined by the MEME program. (B)
The relative positions of the two motif sequences are represented with
respect to the initiator ATG codons of their respective genes.

members. An investigation of 24 ribosome and rRNA-related
genes that were not among the original 65 RRB genes revealed
that several (i.e., DBP8, DIM1, NOPS, SPB1, NIP7, MTR4,
SQTI, and NMD3) exhibited alpha factor release and sporu-
lation microarray expression profiles that were similar to the
RRB cluster members. Two genes (XRNI and RSA1) exhibited

rRNA BIOSYNTHESIS REGULON IN YEAST 8647

profiles that were unlike the RRB members, and the remaining
14 genes (RNTI, FALI, RRP3, DBP6, NOP4, MAKS, DRSI,
DBP3, RRPS5, RATI, DBPI10, SPB4, RRP7, and NOP3) had
expression profiles that were somewhat similar to the RRB
genes. One must be careful with these categorizations, how-
ever, because the microarray profile for any given gene may
contain either widely varying or missing data points that could
significantly alter the shape of the expression profile. Although
these individual variations may not be as problematic when
one considers multiple, large data sets covering thousands of
genes, they are relevant to single gene investigations. In this
regard, the RT-PCR approach can be a useful, independent
method for monitoring changes in mRNA levels.

Although for the most part, we observed that the gene ex-
pression profiles as determined by RT-PCR assays were very
similar to those reported in microarray studies, there was one
notable exception. We consistently found that the expression
profiles of the RRB cluster members peaked 10 min after
release from alpha factor arrest. In contrast, the expression
profiles for the same gene set, as determined by a microarray
hybridization method (23), exhibited a transient decline in
expression levels. This discrepancy could reflect the underlying
fundamental differences in the way that the relative mRNA
levels are measured in the two different methodologies, or it
could be due to variations in strains or experimental condi-
tions. Support for the latter explanation comes from the fact
that 59 of the 65 RRB cluster members were identified as being

/ ———————— RT-PCR Product \

Ch. XI  f— EBP2
==== RT-PCR Product
EBP2AN62
Plasmid
WT pEBP2 _oo ATACAGATGAGATGAGCTTT _,,
p-M1 EBP2 _,, ATACATTCCGACGTCACTTT _,,
WT pEBP2  _,,, CGGGACTGAAAATTTTTITAT _,,,
p-M2 EBP2 _,,, CGGGACATGACGTCAATTAT _,,

FIG. 6. A plasmid-borne EBP2 construct can be used to simulta-
neously monitor gene expression levels in two EBP2 alleles. A plasmid-
borne EBP2ANG2 allele was created that lacked the first 62 codons of
the EBP2 gene but retained the natural EBP2 promoter (pEBP2,
represented by a boldface line). The EBP2 primer set used for the
RT-PCRs could simultaneously amplify fragments of different sizes
(dashed lines) that were derived from both the integrated EBP2 and
the plasmid-derived EBP2ANG2 transcripts. This plasmid was subse-
quently modified, replacing the EBP2 promoter sequences within mo-
tifs 1 and 2 (boxed) with heterologous sequences containing an Aat1l
restriction site (underlined).
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FIG. 7. Motifs 1 and 2 are important for the regulated expression of the EBP2 gene after release from alpha factor arrest. Yeast strains
containing either the EBP2ANG2, the p-M1 EBP2ANG62, or the p-M2 EBP2ANG2 plasmid-borne alleles were arrested with alpha factor and released
into the cell cycle (A) or else subjected to heat shock (B). RNA samples were prepared for RT-PCR analysis and the amplification products derived
from the 18S rRNA, the integrated EBP2, and the EBP2ANG2 alleles were separated and quantitated. Each expression time point value represents

the mean expression level derived from at least two experiments.

part of the set of 600 genes known collectively as the ESR
repression subgroup (11). This group of genes covers a range
of biological pathways and exhibits expression profiles that
declined transiently upon stressful environmental conditions
(see below). Therefore, depending on the methods used to
release cells from alpha factor arrest (i.e., sample harvesting,
medium changes, etc.), one could potentially trigger a stress
response. We suggest that it would be reasonable to expect
cells to increase expression of rRNA metabolism related genes
as they entered the cell cycle. In either case, it is significant that
both the microarray and RT-PCR assays indicated that the
expression profiles of the RRB cluster gene members were
similar to one another.

Our results indicate that motifs 1 and 2 are strong candidates
for promoting expression of members of the RRB regulon
after release from alpha factor arrest. We also noted that these
two motif sequences are frequently located adjacent to one
another and within 200 bp upstream of their respective start
codons. Sequences related to these two motifs have been de-
scribed previously. The G(C/A)GATGAGAT sequence was
recognized as being one of 17 positionally biased and over-
represented sequences in a study designed to identify DNA-
binding motifs for novel yeast transcription factors (14). That

same study identified a subsequence of motif 2, TGAAAA
(A/T)TTT (named RRPE), that was preferentially associated
with genes involved in rRNA processing. Likewise, similar
sequences were recognized as potential regulatory sequences
within a group of genes that share a common response to
environmental changes (5), as well as within the ESR gene set
(11). The motif 1 G(C/A)GATGAG(A/C)TGA(G/A) consen-
sus contains a tandem overlapping repeat of the GATGAG
sequence. The related TG(C/A)GATGAG sequence was pre-
viously named the PAC element because it was frequently
found upstream of subunits of RNA polymerase A (I) and C
(I1I) (8). However, the specific functions of these motifs were
not previously defined, nor have their presumptive binding
factors been identified.

In the effort to determine whether motif 1 could stimulate
gene expression within the context of a heterologous promoter,
the corresponding sequences were inserted into a reporter
construct bearing the lacZ gene under control of the minimal
CYC1 promoter (6). lacZ expression levels were monitored by
liquid B-galactosidase assays (1), and it was observed that motif
1 sequences did not stimulate expression either in logarithmi-
cally growing cells or in cells released from alpha factor arrest
(data not shown). While this result may not provide much
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insight into the function of motif 1 (since there are many
reasons why motif 1 might not be active in this artificial con-
text), it does suggest that the one-hybrid approach could po-
tentially be used to identify the putative factor that binds to
motif 1 sequences. If this putative factor could bind to motif 1
and act as a transcriptional activator on its own, one would not
be able to select for such an activity from a one-hybrid fusion
library.

The dual-allele relative quantitative RT-PCR strategy that
we have developed should be generally useful for testing pu-
tative promoter elements for their activities under a variety of
conditions. The advantage of this system is that it allows for the
simultaneous assessment of expression levels for both a wild-
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type control and a mutated allele of a given gene at the same
time. The mutated allele could be integrated instead of plas-
mid-borne and could contain deletions, insertions, or even
novel restriction sites that would allow its RT-PCR product to
be distinguished from the wild-type product. Once the appro-
priate alleles and strains were generated, one could test ex-
pression levels under a variety of conditions. Given the increas-
ing potential for mapping out genetic networks based on
genome-wide expression and promoter sequence analysis data
(5, 10, 28, 29), it will be useful to have a reliable, internally
controlled, and flexible experimental approach to test putative
promoter elements for their functions in individual test genes
in vivo.
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