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Whole-genome mRNA quantitation can be used to identify the genes that are most responsive to envi-
ronmental or genotypic change. By searching for mutually similar DNA elements among the upstream non-
coding DNA sequences of these genes, we can identify candidate regulatory motifs and corresponding can-
didate sets of coregulated genes. We have tested this strategy by applying it to three extensively studied
regulatory systems in the yeast Saccharomyces cerevisiae: galactose response, heat shock, and mating
type. Galactose-response data yielded the known binding site of Gal4, and six of nine genes known to be
induced by galactose. Heat shock data yielded the cell-cycle activation motif, which is known to mediate
cell-cycle dependent activation, and a set of genes coding for all four nucleosomal proteins. Mating type «
and a data yielded all of the four relevant DNA motifs and most of the known a- and «-specific genes.
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Complete DNA sequence is now known for more than 10 different
organisms'. For even the most intensely studied of these organisms, a
large fraction of genes is completely uncharacterized—about 40%
and 50% for Escherichia coli and Saccharomyces cerevisiae, respective-
Iy*. Furthermore, annotation of noncoding regions has typically
lagged behind discovery and prediction of gene function. Given that
sequence elements in noncoding regions often control gene expres-
sion, and that knowing a gene’s place in the larger regulatory network
of a cell is essential to understanding its function, it is critical that we
develop methods for rapidly characterizing noncoding regions.

A common approach to the discovery of regulatory elements
entails the construction of a series of deletions or replacements in
the upstream intergenic region of a gene, followed by an assay for
altered regulation. An efficient method for predicting the most
likely locations of regulatory sequences could guide these experi-
ments more quickly to the sought-after elements. Given a set of
genes “enriched” for coregulated members {obtained, for example,
by genetic evidence), a search for conserved upstream sequence
elements can predict the location of gene regulatory sequences’.

Recently, it has become possible to measure the abundance of
mRNA transcripts on a whole-genome scale™. By comparing tran-
script levels between different conditions or different strains we
can find the set of genes whose transcript levels respond to a differ-
ence in environment or genotype. With this set of genes in hand, a
number of questions naturally arise: Which of these changes in
expression constitutes a primary response to an environmental
change and which are indirect effects? Which are most critical for
adaptation to a new condition? By what mechanisms are changes in
transcript abundance achieved? What DNA or RNA sequence ele-
ments mediate the regulation of transcript abundance? It is the last
question that we seek to address here.

Given a set of induced (or repressed) genes, one can search the
regions upstream of translation start for short DNA sequence
motifs, i.e., aligned sets of short, conserved DNA elements that are
candidate DNA regulatory motifs. This search for regulatory
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" motifs does not depend on prior information about gene regulato-

ry mechanism and can be contrasted with approaches that search
in upstreamn regions of induced (or repressed) genes for new exam-
ples of known DNA regulatory motifs®.

Although they have been less extensively studied, conserved
sequence elements in a gene’s upstream region may also be determi-
nants of mRNA stability®"" or even sites for regulation by antisense
transcripts”. Regardless of mechanism, a highly conserved DNA
sequence upstream of genes with similar expression responses is of
interest. Similarly expressed genes that share a conserved upstream
DNA motif constitute a candidate set of coregulated genes.

To test our strategy of combined expression analysis and
upstream sequence alignment, we examined three extensively stud-
ied, transcriptionally regulated systems in the yeast S. cerevisiae:
galactose utilization, heat shock response, and mating type regula-
tion. To examine these three systems, we measured mRNA tran-
script abundance in S. cerevisiae on a whole-genome scale in each
of four different cultures, which allowed three comparisons to be
made: (1) growth on galactose vs. glucose, (2) strains of mating
type a vs. mating type a, and (3) continuous growth at 30°C vs.
30°C growth followed by a 39°C heat shock. Expression was mea-
sured for each of these comparisons using photolithographically
synthesized oligonucleotide microarrays (“chips”)”. Change in
transcript abundance for each open reading frame (ORF) was cal-
culated for each comparison (Fig. 1).

'Results and discussion

Examining upstream noncoding DNA sequence. We examined sets
of upstream DNA sequences corresponding to (1) the top 10 ORFs
as ranked by ratio of first-condition to second-condition abundance
(e.g., ratio of galactose to glucose expression), (2) the top 10 ORFs
as ranked by ratio of second-condition to first-condition abundance
(e.g., ratio of glucose to galactose expression), and (3) the combina-
tion of the two preceding ORF sets. The rationale for examining the
combined set of upstream regions is that a single regulatory motif
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Figure 1. Histograms of change in expression level for each of three whole-genome expression comparisons. (A} Growth in galactose vs.
glucose. (B) Growth after heat shock vs. 30°C. (C) Growth of mating type « vs. a. Transcripts with undetectable abundance in both conditions

were assigned a log ratio value of 1.

may act as either a negative or a positive regulator depending on its
sequence context. The upstream DNA sequence corresponding to
each ORF was bounded at the 3 (or downstream) end by the ORF’s
translation start. The 5" end of the upstream region was bounded by
the translation start or stop of the nearest upstream ORF, except
that this boundary was never >600 DNA bp or <300 bp from trans-
lation start. The choice of upstream region boundaries is justified by
an examination of those S. cerevisiae regulatory sites listed in the
TRANSFAC database for which locations are given relative to trans-
lation start. Eighty-five percent (94 of 110) of these sites lie between
0 and 600 bases upstream of translation start.

Several algorithms for discovering recurring motifs in
unaligned sequences have been developed. Those that are capable
of automatically producing alignments containing multiple sites
from a single input sequence include Gibbs Motif Sampling
(GMS), CoreSearch, three CONSENSUS variants”, and MEME".
While each method has its advantages and limitations with respect
to our intended application, we chose GMS™" to serve as our start-
ing point for further development as we believed it to have the most
flexible and exhaustive search methodology. There are several
major distinctions between the application used here (called
“AlignACE,” for Aligns Nucleic Acid Conserved Elements) and
GMS, as implemented by Neuwald et al.” AlignACE has been opti-
mized for finding multiple motifs (via an iterative masking proce-
dure) and for alignment of DNA sequences (by automatic consid-
eration of both strands). It also scores alignments by frequency of
occurrence in the intergenic DNA sequence of a given genome.

AlignACE was applied to each of the sets of upstream DNA
sequence described above. Of the many resulting DNA site align-
ments, we considered only those motifs that: (1) exceeded a thresh-
old alignment score (a measure of “goodness” of sequence align-
ment), and (2) had an occurrence score (a measure of the fraction
of ORFs in the S. cerevisiae genome with matching upstream sites)
below 1%. The latter criterion requires that motifs be selective—
that is, occur infrequently among upstream regions.

Those motifs that passed both alignment and occurrence score
criteria were then compared with motifs one might have expected
to find, with varying levels of confidence, given the relevant litera-
ture. For this purpose, we developed an objective measure of simi-
larity between sequence motifs.

Galactose vs. glucose comparison. Using the set of upstream
regions corresponding to the 10 ORFs with transcripts ranked
most increased in galactose relative to glucose, we identified a
motif, which we called gal-1, that matched the galactose upstream
activation sequence (UAS;) motif. UAS, is known to regulate galac-
tose-utilization genes via the Gal4/Gal80 activation complex”. No
motif passing both alignment and occurrence criteria was obtained
when upstream regions corresponding to the 10 ORFs with tran-
scripts ranked most increased in glucose relative to galactose were
used. Another UAS,-like motif, gal-glu-1, was obtained when the
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" Table 1. DNA motifs found and expected.

Comparison Found by Alignment % Similar
AlignACE score occurence motifs
galactose gal-1 331 0.16 UAS,
vs. glucose  gal-giu-1 249 0.20 UAS,
heat shock 39C-1 5.1 0.04 .
vs. 30C-1 40.1 0.26 CCA
30°C 30C-2 55 0.44 -
39C-30C-1  30.1 0.20 CCA
39C-30C-2 8.5 0.10
mating type o mta-1 8.9 0.22 P Box
vs. mta-1 8.5 0.10 -
matingtypea mta-2 5.0 0.20 -
mta-3 28.1 0.62 o2-binding
mte-mta-1 20.7 0.68 o2-binding
mta-mta-2 53 0.26 PRE
mta-mta-3 86 0.54 -
mta-mta-4 5.3 0.62 Q Box
Comparison Expected motif DNABP Reference
galactose UAS, Gal4p/Gal80p 40
vS. URS, Migip 40
glucose Rap1p-binding Rapip 40
Ger1p-binding Gerlp 40
heat shock HSE HSF 42
vs. STRE Msn2p/Msn4p 43, 44
30°C CCA ?2Mirip/Hir2p 19
NEG ? 20
MCB Mbp1p 21
SCB Swidp/Swibp 21
ECB Memip 22
mating type « P Box Mcmip 23
vs. Q Box Mata1p 23
mating type a «2-binding Mata2p 23
PRE Ste12p 23

Similar motifs: those expected motifs found to be similar by objective criteria;
DNABP: the protein that binds an element where known.

7 preceding two upstream region sets (corresponding to a total of 20

ORFs) were combined (Table 1 and Fig. 2).

Heat shock. Upstream regions of the 10 ORFs whose transcript
levels increased the most in the heat-shocked culture relative to the
30°C culture yielded a single motif, 39C-1. Upstream regions of the
10 ORFs with transcripts ranked most increased in the 30°C relative
to the heat-shocked culture yielded two motifs. The first of these,
30C-1, matched the cell cycle activation (CCA) motif, a known acti-
vator of histone genes™”. The second motif, 30C-2, has not been
described. When the combined set of upstream regions was used,
another CCA-like motif—39C-30C-1—was identified along with
39C-30C-2,which was similar to 39C-1.

Mating type. When upstream regions of the 10 ORFs whose
transcript levels increased the most in mating type a relative to
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type a were examined, the motif mta-1 was found. mta-1 matched
the P Box and the early cell-cycle box (ECB), as well as the Gerlp-
binding site and the heat shock element (HSE). ECB mediates
M/G1-specific activation™* and the P Box regulates mating type-
specific genes”. The P Box and ECB both bind Mcm1p®. Using
upstreamn regions of the 10 ORFs whose transcript levels increased
the most in mating type a, relative to type c, three motifs emerged.
The first two of these, mta-1 and mta-2 have not been described.
The third motif, mta-3, matched the binding site of Mata2p™.

‘When upstream regions from the combined set of 20 ORFs with
most altered transcript abundance between mating type o and a
were examined, four motifs emerged. The first of these, mto-mta-
1, matched the known Mata2p-binding site. The second, mtat-
mta-2, matched the pheromone-response element (PRE)—the
known binding site of Ste12p®, an activator of mating type-specific
genes. A weak second match between mta-mta-2 to the PRE motif
suggested a conserved spacing of 7 bp between PRE elements. The
third motif, mto-mta-3, bore some resemblance to the PRE motif,
but had a similarity score below the threshold applied. The fourth
motif, mta-mta-4, corresponded to the Q Box element, which
binds Mata 1p and mediates activation of a-specific genes”, Motifs
similar to the PRE and Q Box motifs were not found by examining
only upstream regions of the combined set of 20 ORFs or either set
of 10 ORFs. The PRE element confers inducibility by either « or a
mating pheromone, and was previously known to be present
upstream of both mating type a- and a-specific genes. The Q Box,
on the other hand, was expected only upstream of a-specific genes
so that finding a matching site upstream of STE2 was unexpected.
A closer examination of this STEZ site revealed a T instead of the
highly conserved A at the eighth position of the Q Box motif, so
that the match was not a strong one.
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Figure 2. Sequence logos for DNA motifs found using AlignACE (first and second
columns) and similar motifs that might have been expected a priori (third column).
The height of each letter is proportional to its frequency, and the letters are sorted
so the most common one is on top. The height of the entire stack signifies the
information content of the sequences at that position, with information content at
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Comparison with other studies. Motifs common to many
genes—for example, the TATA box—were neither found nor
expected as these are excluded by the occurrence score constraint
discussed above. In the case of transcripts less abundant in galac-
tose than glucose, motifs corresponding to Rap1p- or Gerlp-bind-
ing sites might be expected, but neither of these was found. Rap1p
and Gerlp are general transcription factors with diverse roles,
including regulation of glycolytic enzymes and ribosomal pro-
teins®. In the case of transcripts more abundant in galactose than
glucose, we expected to find URS, (bound by Mig1p*), but did not.
As expected, our procedure did find UAS,;, an essential regulatory
element for galactose-utilization genes.

The HSE and stress response promoter elements (STREs), known
to mediate heat shock response™”, were notably absent from the
motifs found by AlignACE. Heat shock is known to have broad effects,
including transient cell-cycle arrest in G17. As a result, we might have
expected to find genes with cell cycle—specific expression among genes
affected by heat shock. Histone genes are strongly transcribed during S
phase, and are regulated both by a negative regulatory sequence
(NEG) and activated by the CCA motif**. Not found among heat
shock data were the NEG maotif, the Swi4/6p-dependent cell cycle box
(SCB), the Mlul cell cycle box (MCB) motifs (which regulate G1/5-
specific transcription), or the ECB element™~. AlignACE did find the
CCA motif among the set of ORFs with transcripts decreased in heat
shock, a set which contained several histone genes.

The a2 operator, P Box, PRE, and Q Box elements represent the
complete set of DNA elements responsible for regulation of mating
type-specific genes®. All four of these elements were found by
AlignACE.

It is likely that the six motifs found by AlignACE that we did not
identify with previously known motifs are false positives. Six motifs
represent no more than the average number of false pos-
itives one might have expected, as determined below.

False-positive and false-negative motifs. The align-
ment and occurrence score criteria used here, 5 and 1%,
respectively, were chosen permissively, so that few bio-
logically relevant motifs would be excluded. To ensure
that the alignment criterion was sufficiently permissive,
we searched for conserved motifs among upstream
sequences corresponding to 1000 randomly chosen sets
of 10 ORFs. A maximum of three motifs was sought
from each intergenic sequence set. Each randomly cho-
sen sequence set returned at least one motif with a score
greater than our threshold of five, and in 674 cases, all
three motifs returned had scores greater than the per-
missive. An occurrence score of 1% seemed to be a per-
missive threshold, given our desire for motifs that do not
match too frequently in upstream regions.

Because different users of this method will have
varying tolerance for false-positive motifs, it is advanta-
geous to know how the expected number of false-posi-
tive motifs depends on chosen alignment and occur-
rence score thresholds. We estimated the number of
expected false positives by randomly generating 100 sets
of 10 ORFs, obtaining the upstreamn DNA sequence cor-
responding to these ORFs, and plotting the expected
number of false-positive motifs as a function of align-
ment and occurrence score thresholds (Fig. 3). For the
permissive thresholds, an average of 1.7 motifs (number
of false positives is Poisson-distributed with a coefficient
of dispersion of 0.9) was obtained from randomly cho-
sen upstream sequence sets. Eight motifs identified from
6 sets of 10 ORFs meet the permissive thresholds. Four
of these match known regulatory motifs. The chance
that a motif is a false positive decreases with increasing
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Figure 3. Expected number of false-positive motifs (fp) as a function
of alignment and occurrence scores, based on analysis of upstream
sequences corresponding to randomly chosen sets of ten ORFs.
Tme-posm\re motifs lourld upstream of one of the top 10 sets of
incr d or decr d transcripts are overlaid. Only those motifs
foundtobeslmulartomohfsthatmughthavebeenexpectedamon
are shown. The dashed line corresponds to the permissive
occurrence score criterion discussed in the text.

alignment score so that if a threshold score of 20 is applied, the
mean number of false positives is 0.2. Three motifs identified from
6 sets of 10 ORFs meet this most stringent threshold. All three of
these match known regulatory motifs. These methods can then be
applied—at the discretion of the user—to either generate an inclu-
sive set of testable hypotheses with a significant false-positive rate,
or to more confidently predict a subset of biologically relevant
motifs. A sensible alternative to using fixed score thresholds is the
choice of a threshold based on a desired number of false positives,
i.e., some combination of alignment and occurrence score corre-
sponding to a contour in Figure 3.

We were interested in understanding whether and why our
approach had false negatives, i.e., why it did not find all of the motifs
we might have expected from the literature. There are several possi-
ble reasons why a given motif might not be found: (1) The motif is
not, in fact, involved in differential regulation in the examined cul-
tures, i.e., we should not have expected to find the motif; (2) the
motif does regulate transcription between examined cultures, but
there are few or no sites found among the upstream regions of the
top 10 differentially regulated transcripts; or (3) multiple sites are
present upstream of the top 10 differentially expressed genes, but
were not aligned by AlignACE or scored below the permissive crite-
ria. We can address the third reason by searching upstream of the
top 10 differentially regulated genes for sites matching the motif (as
defined in the literature). Among upstream regions corresponding
to the 10 transcripts most increased in galactose, the URS motif
matched only one site (between GALI and GALIO0). Among
upstream regions corresponding to the 10 transcripts most
decreased in galactose, the Rapl-binding motif matched four sites
(all upstream of RPL30) but the Gerl-binding motif did not match
any site. Among the 10 genes most increased in heat shock, HSE did
not match any sites, but STRE matched 11 sites (five, two, three, and
one site upstream of HSP12, YDR453C, HSP26, and YDR533C,
respectively). Among the 10 genes most decreased in heat shock, the
MCB motif matched two sites (between HTA2and HTB2), the NEG
motif matched one site (between HHT1 and HHFI), and neither
SCB nor ECB matched any site. We conclude from this analysis that

Table 2. Change in transcript abundance for galactose versus
glucose.

ORF ID

YBRO20W
YBR018C

YBR019C

YOR120W
YLRO81W
YPLOGEW
YPLO67C

YMR318C
YNLO15W
YOLO58W
YDROOOW
YMLOSTW
YMR105C
YBR184W
YER178W
YBRO11C

YER190W
YBR106W
YFL045C

YGLO30W
YOL154W
YHR094C
YGL189C

Gene Change gal-1 gal-glu-1

Galdp/Gal80p complex, but that had less than 0.3 absolute change, are in italics.
Positive change indicates higher abundance in galactose than glucose.

STRE is the only false-negative motif that can clearly be attributed
to a shortcoming of AlignACE.

Candidate sets of coregulated genes. Once a candidate regulatory
motif has been found, we are particularly interested in those ORFs
with both altered transcript abundance and also an associated
upstream match to the motif. First, we search the complete S. cere-
visiae genome to find ORFs with upstream matches to each motif in
the 600 bp region upstream of translation start. Second, we consider
the intersection of this set of ORFs with those ORFs with transcripts
that changed more than twofold in abundance between conditions.
We consider ORFs with both of these properties to be good candi-
dates for membership in a transcriptionally coregulated set of genes.

ORFs whose transcript abundance changes more than twofold
between galactose and glucose, and have an upstream match to
either of the UAS,-like motifs gal-1 and gal-glu-1 are shown in Table
2, along with the remaining genes known previously to be regulated
by UAS,. There are nine genes known previously to be regulated by
the Galdp/Gal80p complex: GALI, GAL2, GAL3, GAL7, GALIO,
GAL80, GCY1, MEL1, and PGM2. The candidate set derived from
Table 2 contains six of these nine. One of the missing three is MELI,
which codes for alpha-galactosidase. The strain used for this experi-
ment (FY4) is a melstrain. Furthermore, we could not find a good
match to UAS; in the MEL] upstream sequence from this strain, so
that we should not necessarily have expected to find MELI in our
candidate set. Also missing from our candidate set were PGM2 and
GALS80, which are known to be Gal4p/Gal80p regulated. For both of
these genes, absolute expression levels were too low in both galac-
tose and glucose for an accurate estimate of change in expression.

The candidate set for galactose vs. glucose contains three ORFs
not previously thought to be regulated by Gal4p/Gal80p. Two of
these, YPLO66W and YPLO67C, are particularly interesting as they
have approximately the same measured change in expression and
are divergently transcribed from the same intergenic region that
contains a single match to each of the UAS -like motifs. Another
site in this intergenic region matches the consensus CGG(N)“CCG,
to which weak Gal4-binding has also been shown in vitro™. Both
YPLO66W and YPLO67C are of unknown function®, with no signif-
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7Table 3. Change in transcript abundance for heat shock vs. 30°C.

N ’ L

N g
ORFID Gene Change & & o &
YFLO14W HSP12 0.9 - - - - -
YDR453C - >0.9 - - . - -
YPL223C GRE1 >0.8 1 - . - -
YGL121C - >0.8 - - . - -
YLR303W  MET17 0.8 - - - - -
YBRO72W  HSP26 0.8 2 - . - 2
YGR256W GND2 >0.8 1 - - 1
YLR178C TFS1 0.7 - - - -
YDRS33C - 0.7 - - - - -
YDRO19C GCV1 0.6 1 - - - 1
YLLO39C uBi4 0.6 2 - - 1
YDRO70C - 0.5 - 2 - - -
YER062C HOR2 0.5 - 1 - - -
YER103W  SSA4 0.5 1 - - T - -
YHR007C ERG11 0.5 1 - - - 1
YERO42W - 04 1 - - - -
YDL223C - 0.4 - - 1 - -
YGR0O38W ORM1 0.4 - - 1 - -
YDL0O48C STP3 >0.3 1 - - - -
YMRO9OW - >0.3 1 - - - -
YGR248W SOL4 0.3 1 - - - 1
YOR185C  GSP2 0.3 1 - - - T-
YOR259C CRL13 03 - - 1 - -
YNL241C ZWF1 03 - - 1 - -
YNL156C - 0.3 1 - - - -
YPL135SW - 0.3 1 - - - -
YHRO57C  CYP2 03 1 - - - -
YNLO31C HHT2 ND - 2 17 2 1
YDR224C  HIB1 -0.1 - 4 1 2 -
YDR225W  HTAT1 -0.2 - 4 1 2 -
YBLO1SW  ACH1 -03 - - - - 1
YNLO3OW  HHF2 04 - 2 1 2 1
YIR034C LYS1 -0.4 T - - - - -
YBR009C HHF1 <-0.4 - 4 3 4 -
YFRO15C GSY1 <-0.5 2 1 1 - -
YBL0OO3C HTA2 -0.5 - 5 - 4 -
YBLOO2W  HTB2 -0.5 - 5 - 4 -
YBL072C RPS8A -0.5 - 1 - - 1
YBRO1OW  HHT1 -0.5 - 4 3 4 -
YGR234W YHB1 <-0.6 2 - 2 - 1
YOL154W - -1.0 - - - - -
YJLOS52W  TDH1 <-1.7 - - 1 - -

The top 10 increased or decreased transcripts are in bold type; transcripts not among the
top 10 but that had greater than 0.3 absolute change and an upstream match to one of
the heat shock vs. 30°C-related motifs found by AlignACE are in plain text. Transcripts
that code for nucleosomal proteins, but that had an absolute change of less than 0.3 are
in italics. Positive change indicates higher transcript abundance in heat shock than 30°C.

icant homology to any gene of known function. Also in the set was
YMR318C, which has a strong homology to zinc-containing alco-
hol dehydrogenases™. We are currently exploring the possibility
that these ORFs are Galdp/Gal80p-regulated genes.

ORFs that have a measured transcript abundance change of
more than twofold between heat shock and 30°C, and have an
upstream match to at least one of the motifs found through this
comparison are shown in Table 3, along with the remaining histone
genes. There are eight genes—four nearly identical pairs—in S. cere-
visiae that code for the four nucleosomal proteins: HTAI, HTA2,
HTBI, HTB2, HHT1, HHT2, HHFI, and HHF2. The candidate set
of coregulated genes with matches to both of the CCA-like motifs
(30C-1 and 39C-30C-1) contains five of these genes—collectively
coding for the complete set of S. cerevisiae nucleosomal proteins.
Our results alone do not necessarily indicate a role for the CCA
motif in heat shock regulation or in cell cycle regulation, as we seek
any motif common to a set of upstream regions without informa-
tion about which motif (if any) might be responsible for the
observed changes in expression. RPS8A (coding for ribosomal pro-
tein rp19), HOR2 (DL-glycerol-3-phosphatase), YDR070C (an ORF
of unknown function), and GSY1 (glycogen synthase) have
upstream matches to one of the CCA-like motifs (30C-1)”. None of
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these genes have previously been noted to be heat shock repressed or

to be regulated by CCA. However, GSY2—a homolog of GSYI—is
reportedly induced by heat shock®. This suggests, together with our
data showing reduced abundance of GSY1 in heat shock, that GSY2
is a thermotolerant variant of glycogen synthase. Along with the
other histone genes, we found the gene HHOI (histone H1) to be
reduced in abundance by more than twofold in heat shock. HHO1
does not, however, contain an upstream match to the CCA motif.

Another candidate gene set can be derived from heat shock
data, using those ORFs in Table 2B with upstream matches to either
of the two mutually similar motifs 39C-1 and 39C-30C-2. This set
contains the genes HSP26, GND2, GCV1, UBI4, ERG11, SOL4, and
YHBI. Of these, only HSP26 and UBI4 have been reported to be
differentially expressed as a result of heat shock”. We can see no
apparent rationale for coregulation of this set of genes or of the set
derived from 30C-2. None of the motifs 39C-1, 30C-2, or 39C-
30C-2 have been implicated as regulatory elements.

ORFs that have a measured transcript abundance change of
more than twofold between mating types « and a, and have an
upstream match to at least one of the mating type—derived motifs
are shown in Table 4, along with the remaining genes known to
have mating type—specific expression. Genes MFal, MFa2, STE3,
SAGI1, MATal, and MATa2 have mating type a-specific expres-
sion. The genes MFA1, MFA2, STE2, STE6, BAR1, AGA2, MATal,
and MATa2 have mating type a-specific expression™. The candidate
set of coregulated genes corresponding to the P Box-like motif
mta-1 contains 12 genes, including 4 of 14 known mating
type-specific genes. Candidate sets derived from those motifs not
known to be involved in transcriptional regulation, mta-1 and
mta-2, each contained seven ORFs, two of which are mating
type-specific. The candidate gene set with matches to either of the
Mata2 binding site-like motifs (mta-3 and mta-mta-1) contains
17 genes—including five of the eight known a-specific genes. That
MATal and MATa2 genes had an upstream match to mta-mta-1
in their shared intergenic region is consistent with the fact that this
locus is repressed by the Mata2p/Matalp complex in a/c cells™.

The candidate gene set having upstream sites matching mta-
mta-2—a PRE-like element—contains nine genes, five of which are
mating-type regulated. The candidate set for mta-mta-3 (weakly
similar to PRE as noted above) contains 13 genes, two of which are
mating-type specific. The gene STEI8 has an upstreamn match to
mta-mta-3. STE18 codes for the Gty subunit of the G protein cou-
pled to both « and a mating factor receptors, and is known to be
regulated via the PRE element. Although STE18 is not thought to
have mating type—specific expression, we found the STEI8 tran-
script to be threefold more abundant in a than o’'. The candidate
gene set corresponding to the Q Box-like motif, mta-mta-4, con-
tained seven genes, including one a-specific and two a-specific
genes. In all, 40 genes were contained in at least one of the candi-
date sets of coregulated genes described above, and among those 40
were 9 of 14 known mating type-specific genes.

Our experiments showed lower sensitivity to transcripts of low
abundance compared with previously published S. cerevisiae expres-
sion studies’. The fraction of all ORFs in the yeast genome that were
below detection threshold in both conditions was 70%, 62%, and 68%
for galactose vs. glucose, heat shock vs. 30°C, and mating type o vs. a
comparisons, respectively. As a result, some transcripts known from
previous studies to be differentially expressed between the examined
conditions fell below our detection threshold for transcript abundance
and thus were not measurably changed in our results. The approach
for finding coregulated genes described should become more success-
ful as we optimize experimental methods in whole-genome expression
measurement. The methods described here are directly applicable to
gene sets clustered by mutant phenotype, by correlated expression
over multiple experiments”, or by other whole-genome methods®.
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Table 4. Change in transcript abundance for mating type a vs. a. 7

& & &
L LA A
NN 9 o & & &,

F & & aF &
ORFID Gene Change & & & & & &@ @‘G 6‘6\@

YPL187TW  MFa1 >1.3 4 - - - 1 1 - 1
YGL0O89C MFa2 >1.2 1 - - - - 1 -

YCLO66W MATa1 >0.7 - - - - 1 - - -
YCRO40W MATa1  >0.6 - - - 1 - -

YJR0O04C SAG1 0.5 1 1
YLR0O40C - >0.4 - - - - - - 1
YHRO053C CUP1 0.4 1 -
YHR128W FUR1 0.4 -

YHR141C RPL42B 04 - - - - - -
YGL106W MLC1 0.4 - - - - - - -
YGRO38W ORM1 0.3 - - - - - 1 - -
YLR355C ILV5 0.3 - - - - - - -
YCRO97W MATal ND -
YCRO96C MATa2 ND - - - -
YCRO39C MATa2 ND - - - -
YCLO67C MATa2 ND - - - -
YKL178C STE3 ND
YKL209C STE6 ND - - - 3

[ NI O]

-
t
'
'
WY ot
'

YDR301W YHH1 03 - - - -1
YLR438W CAR2  -0.3 1 - - - -
YBR107C - 03 - - - - -1
YKLOBOW VMA5 0.3 - - - - 1
YML133C - 03 1 - - -

YDR342C HXT7 03 - - - -

YLRO28C ADE16 -0.3 1 - - - -
YJRIOBW URA8  -04 1. - - -
YMLO75C HMG1  -04 - - - - -
YKL128C PMU1  -04 1 - - - -
YCRO12W PGK1  -04 1 - - - . -
YMROO3W - 04 N -
YALOGTW - 0.4 - - - 2 2 -
YPL271W ATP15 <04 1 - - - - - -
YBRO11C  IPP1 05 -1 - - - -
YMR119W - 05 - - - - - -
YKL214C - 05 - - - -1 -
YKR018C - 05 e I R -
YJROS6W STE18  -0.5 e T
YBR147W - 05 -2 01 - - - - -
YKRO71C - 05 - 2 -1 - -2 -
YLLO4OC VPS13  -06 -1 2 - - -1 -
YJL164C SRA3  -0.6 A 101
YCR024C-A PMP1  -0.6 e - -
YILO1SW BAR1 <-0.7 - 2 3 2 - - -
YFLO26W STE2 <-0.8 1 - - 2 2 - - 1
YGLO32C AGA2 <-0.9 - 1 - 2 2 2 -
YNL145W MFA2 <-16 - - - 3 2 - - -
YDR461W MFA1  -20 - 01 1 2 2 1 - -

The top 10 increased or decreased transcripts are in boid type; transcripts not among
the top 10 but that had greater than 0.3 absolute change and an upstream match to one
of the mating type o« and a-related motifs found by AlignACE are in plain text. Transcripts
known previously to have mating type—specific expression, but that had an absolute
change of less than 0.3, are in italics. Positive change indicates higher transcript abun-
dance in mating type o than a.

Experimental protocol

Strains and growth conditions. S. cerevisiae strain FY4 MATa [was used for all
growth conditions except as noted. FY4 is a prototroph whose genome is com-
pletely sequenced™*. Cultures were grown with aeration in yeast nitrogen base
plus ammonium sulfate without amino acids (YNB) at 30°C in a rotary incu-
bator, and supplemented with 2% glucose except as noted. All cultures were
harvested in mid—log phase (2—4x 10’ cells/ml) as determined by cell count and
dilution plating. Cells were pelleted, quickly washed once with 50 ml dH,O,
frozen in a dry ice—isopropanol bath, and stored at -80°C. For galactose growth,
2% galactose was used in place of glucose. For the heat shocked culture, cells
were transferred at mid—og phase to a 39°C shaking water bath. After 13 min
the culture had reached 39°C, and the incubation was continued for an addi-
tional 20 min. This temperature profile was chosen because heat shock-related
transcripts are at maximal levels between 10 and 20 min after reaching the
higher temperature®. For mating type a cultures, strain FY5—isogenic to FY4
except that it is MATa—was used in place of FY4. All strains were kindly pro-
vided by A. Dudley and E Winston, Harvard Medical School (Boston, MA).
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RNA preparation and hybridization. Total cellular RNA was prepared
from the frozen cell pellets by hot phenol extraction. Additional phenol and
phenol/chloroform/isoamyl alcohol extractions were done before ethanol
precipitation. The poly(A) fraction of total cellular RNA was purified by a
PolyATractkit (Promega, Madison, WI). The resulting eluate was lyophilized
and resuspended in 1-2 pl H,O. Synthesis, purification, and fragmentation of
biotinylated RNA antisense to mRNA transcripts (C(RNA) was performed as
described’. For each culture, expression data were acquired using a set of four
chips (yeast antisense A-D; Affymetrix, Santa Clara, CA) designed for
expression monitoring of S. cerevisiae’. Hybridization, washing, and scan-
ning were carried out as described’ except where noted. Fifteen micrograms
of fragmented cRNA in 250 pl buffer were used for all hybridizations, which
were carried out either in Affy buffer (Affymetrix) at 40°C or in 6x SSPE-T
(0.9 M NaCl, 60 mM NaH,PO,, 6 mM EDTA, 0.005% Triton X-100, pH 7.6)
at 45°C for 14 to 18 h. For a given chip type, hybridizations were carried out
identically for each culture. After hybridization and washing, the chips were
stained for 10 min at room temperature with 2 pg/ml streptavidin-phycoery-
thrin conjugate (SAPE; Molecular Probes, Eugene, OR) in 6x SSPE-T with 1
mg/ml acetylated bovine serum albumin (New England Biolabs, Beverly,
MA). Unbound SAPE was removed by rinsing with 6x SSPE-T at 45°C.

Expression data analysis. Perfect match (PM) and single-base mismatch
(MM) probe intensities were calculated from raw intensities by the GeneChip
software’ (Affymetrix) For this analysis, genes with MM probes that are perfect
matches to a sequence elsewhere within the genome (e.g., YBLO87C and
YKL0O6W) were not considered. Intensities for PM and MM probes were back-
ground-subtracted using the average intensity of a set of 36 chip features with
consistently low intensity in all of our experiments. For a given chip, PM and
MM data were then normalized using the average background-subtracted PM
intensity on that chip. This is likely more reliable than normalizing by so-called
housekeeping genes (e.g., ACTI or PDA1) as these can vary between conditions
by more than threefold*. PM-MM (A} is then calculated for each probe pair,
and if A is less than detection threshold, then A is set to this threshold. A detec-
tion threshold for PM or MM values on a given chip was chosen to be o, the
standard deviation of background probe intensities on that chip; the threshold
for A values was then v2*c by propagation of error. The ratio A*/A® of tran-

.script abundance in one condition (A) vs. another (B) was calculated for each
corresponding pair of A values. Application of the detection threshold prevent-
ed unreasonably high (or negative) values for (A*/A*) where a transcript was
absent or undetectable in one or both conditions. The change in expression for
the transcript corresponding to a given ORF was then calculated as log (medi-
an {[AY/A"], [A®/A®],,, [A*/A™]}), where n is the number of probe pairs for
that ORE If the median was calculated using a A*/A® value in which the greater
of A* and A® was threshold-adjusted, then change in expression for this ORF
was not calculated. Otherwise, if the median was calculated using a A*/A® value
where either A* or A® were threshold-adjusted, change in expression was stated
as being greater than (or less than) the calculated value. The median, as
opposed to the mean, was chosen as a measure of central tendency that is
robust to outliers. Our ratienale for using the median of A ratios rather than
the ratio of A medians was that, while the magnitude of A for features of differ-
ent sequence can vary considerably, A*/ A*should be less variant. An alternative
measure of expression change (not used here) is fractional change: median
([A"-A"]/[A+A"], [A=A"]/[A®+AR],,, [A—A™]/[A*+A™]). This measure
should be robust to cases where a transcript is below detection threshold in one
condition but not the other. Optimality of these or other methods’ for intensi-
ty data analysis have yet to be demonstrated experimentally.

Finding sites that match motifs and calculating motif occurrence score. Sites
were scored against motifs using the method of Berg and von Hippel”. To definea
threshold score for 2 good matching site, we first calcutated the mean score pand
standard deviation o for the set of sites that were aligned by AlignACE. We deter-
mined the occurrence score—the estimated fraction of genes with upstream
regions bound by the (putative) protein corresponding to a given motif—in the
following way: We found the fraction of genes with upstream matches, defininga
matching site as one with a Berg-von Hippel score greater than or equal to p. The
occurrence score was then calculated as twice this fraction, as half of “real” sites
will have scores better than p if “real” sites have a symmetric score distribution.
For discovery of specific upstream sites, the threshold score for a “good” match
was lowered to p - 30 to avoid missing potential binding sites.

Modifications to GMS. A number of alterations were made to the GMS
algorithm®. (1) Simultaneous multiple motif searching was replaced with an
iterative masking approach, allowing a more efficient search for subtle motifs.
(2) Both strands of DNA were considered, so that when a potential site was
examined, either the site or its reverse complement—but not both—were
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added to the alignment. (3) Scoring of alignments was by frequency of occur-
rence in the intergenic DNA sequence of S. cerevisiae using the method
described above. (4) Near-optimum sampling method was improved so that it
tended to result in higher scoring alignments and so that all columns spanned
by the initially chosen columns were considered. (5) The model for base fre-
quencies of nonsite sequence was fixed using the background nucleotide fre-
quencies of S. cerevisiae. (6) The code was rendered portable to DEC Unix and
Windows platforms, in addition to Silicon Graphics and Sun Unix systems.

AlignACE settings. AlignACE was used with the following settings: initial
alignment used a column-sampling approach with 10 columns; the expected
number of sites was 10; maximum number of initial sampling runs was 500; itera-
tive masking to find multiple motifs was performed a maximum of 100 times;
near-optimum sampling commenced after 50 consecutive sampling runs without
an increase in alignment score; iterative masking was terminated after three con-
secutive cases of nonconvergence or nonpositive alignment score. AlignACE
implements a scoring method for “goodness” of alignment that has previously
been described by equation 10 of ref. 38. AlignACE and all other software written
for this work is available as well as the mRNA quantitation data used in this study™.

Measuring similarity between DNA motifs. To identify described motifs
that might be similar to the newly identified motif, the relevant literature was
searched. Additionally, the TRANSFAC Release 3.2 was searched” using
PatternSearch or MatInspector 2.1 (ref. 41) with a threshold of 85% identity
for “core” nucleotides and 60% for overall identity. To assess similarity more
quantitatively once a putatively similar motif was identified, DNA site weight
matrices” were examined pairwise in all possible alignments. The alignment
that minimizes the sum of squared differences between matrix elements was
chosen. When necessary, as in the case of imperfectly overlapping matrices,
matrix elements were taken as their expectation value, based on the base
composition of S. cerevisiae. If aligned matrices did not overlap by more than
5 bases, they were considered not similar. To further compare a given matrix
A with a matrix B, a submatrix of A defined by the region of overlap between
aligned A and B matrices was constructed. Each site used in generating the A
and B matrices was scored against submatrix A. Student’s ¢-test score was cal-
culated from the set of A site scores and the set of B site scores. Matrix A was
said to detect matrix B if f was above a threshold (described below). The pro-
cedure was repeated using a submatrix of B, and matrix A was then said to be
similar to matrix B if either matrix detected the other. The threshold for t was
obtained using a negative control set of 14 literature-derived matrices that
each bind different proteins. The false-positive rate for matrix similarity was
calculated to be the number of similar pairs in the negative control set divid-
ed by 91 (the number of pairwise comparisons). The value of t corresponding
to a 5% false-positive rate was found to be 3.26 by linear interpolation.
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