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Transcription factors regulate expression by binding selectively to sequence sites in cis-regulatory regions of genes. It
is therefore reasonable to assume that genes regulated by the same transcription factors should all contain the
corresponding binding sites in their regulatory regions and exhibit similar expression profiles as measured by, for
example, microarray technology. We have used this assumption to analyze genome-wide yeast binding-site and
microarray expression data to reveal the combinatorial nature of gene regulation. We obtained IF–THEN rules
linking binding-site combinations (binding-site modules) to genes with particular expression profiles, and thereby
provided testable hypotheses on the combinatorial coregulation of gene expression. We showed that genes associated
with such rules have a significantly higher probability of being bound by the same transcription factors, as indicated
by a genome-wide location analysis, than genes associated with only common binding sites or similar expression.
Furthermore, we also found that such genes were significantly more often biologically related in terms of Gene
Ontology annotations than genes only associated with common binding sites or similar expression. We analyzed
expression data collected under different sets of stress conditions and found many binding-site modules that are
conserved over several of these condition sets, as well as modules that are specific to particular biological responses.
Our results on the reoccurrence of binding sites in different modules provide specific data on how binding sites may
be combined to allow a large number of expression outcomes using relatively few transcription factors.

[Supplemental material is available online at www.genome.org and http://www.lcb.uu.se/∼hvidsen/binding_sites/.]

One of the major challenges faced by molecular biology is to
dissect the regulatory circuitry of living cells. Knowing the pre-
cise role of regulatory proteins such as transcription factors is key
to understanding transcriptional regulation of genes (Holstege et
al. 1998). The ability of these proteins to selectively bind specific
DNA motifs (i.e., transcription factor binding sites) in the regu-
latory regions of genes is essential for the complex regulation
observed in living organisms. As the amount of available se-
quence data is increasing, it has become possible to analyze the
regulatory regions of DNA in search for putative regulatory mo-
tifs (e.g., Brazma et al. 1998; Vilo et al. 2000). Currently the most
common approach involves searching for statistically overrepre-
sented sequence motifs (e.g., Roth et al. 1998; Liu et al. 2001;
Thompson et al. 2003). Many approaches have assumed that the
influence of different transcription factors on gene expression is
additive, leading to simple analytical models of gene regulation
(Bussemaker et al. 2001; Liu et al. 2001). However, other studies
have indicated that the synergistic effect of several transcription
factors affecting regulation of a gene is nonadditive (e.g., Gu-
haThakurta and Stormo 2001). Therefore, algorithms have been
developed based only on the assumption that genes regulated by
the same transcription factors (i.e., coregulated) also exhibit simi-
lar expression profiles obtained, for example, by the microarray

technology (i.e., coexpressed). This includes algorithms that clus-
ter genes into classes of coexpressed genes and then mine their
sequences for common motifs (DeRisi et al. 1997; Roth et al.
1998; Vilo et al. 2000; Berman et al. 2002; Gasch and Eisen 2002).

Pilpel et al. (2001) found that genes sharing pairs of binding
sites are significantly more likely to be coexpressed than genes
with only single binding sites in common. This result is in agree-
ment with the hypothesis that a limited number of transcription
factors combine in various ways in order to respond to a much
larger number of environmental conditions or stress factors. Se-
gal et al. (2003a,b) and recently Beer and Tavazoie (2004) further
developed this idea to find combinations of regulatory mecha-
nisms that best explain expression data. We present an alterna-
tive approach using “rule learning” to perform a comprehensive
analysis of the combinatorial nature of gene regulation by con-
structing rules that identify sets of binding sites (i.e., binding-site
modules) associated with particular gene expression profiles. It is
important to note that the only assumption required for this
approach is that genes that are regulated by the same transcrip-
tion factors should contain common binding sites and exhibit
similar expression. However, this is a very powerful assumption
that allows investigation of coregulation through genome-wide
sequence and expression data analysis.

The rough set theory (Pawlak 1991) and Boolean reasoning
(Brown 1990) constitute a mathematical framework for inducing
rules from examples. We used this framework, as implemented
in the Rosetta system (Komorowski et al. 2002), for the analy-
sis of sequence motif and expression data with the objective
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of elucidating the combinatorial nature of coregulation in
yeast. The method extracts IF–THEN rules of minimal binding-
site combinations (IF-part) shared by genes with a common
expression profile (THEN-part) (see Table 1 for an example).
The rules hence describe general, underlying relationships in
an easily understandable format, providing hypotheses on com-
binatorial coregulation that may later be experimentally vali-
dated.

To test the methodology, we used the binding-site database
previously analyzed by Pilpel et al. (2001) containing informa-
tion on 43 known binding sites (see Fig. 4 below) and 313 puta-
tive motifs and their occurrences in the promoters of all genes in
the yeast genome. These known and putative binding sites have
been identified by Hughes et al. (2000) as overrepresented motifs
in DNA sequences using a Gibbs sampling algorithm, and these
data were used in this paper without further processing. We also
used expression profiles of yeast genes under six different sets of
conditions: cell cycle (Cho et al. 1998), sporulation (Chu et al.
1998), diauxic shift (DeRisi et al. 1997), heat and cold shock
(Eisen et al. 1998), pheromone (Roberts et al. 2000), and DNA-
damaging agents (Jelinsky et al. 2000). Our results demonstrate
that we are indeed able to find binding-site combinations asso-
ciated with several coexpressed genes. Furthermore, these bind-

ing-site modules are to a large degree in agreement with experi-
mental binding data published by Lee et al. (2002). We also find
evidence for functional binding-site modules by evaluating our
results using annotations from Gene Ontology (Ashburner et al.
2000). The extensive reoccurrence of binding sites in the discov-
ered modules indicates the combinatorial nature of gene regula-
tion as a response to the studied stress conditions.

Results

Discovering potential regulatory modules

We used a framework for rule induction to investigate the rela-
tionship between binding sites and expression profiles in yeast.
For each gene we found minimal sets of binding sites that were
highly discriminatory of that particular gene and any other gene
with a similar expression profile (see Fig. 1 and Methods). Iden-
tical rules found from several different genes were removed prior
to evaluation. In the present study we placed no restriction on
the order of or distance between individual binding sites in such
binding-site modules. As an example, we will use the following
rule induced from the cell cycle data set (see Table 1 for specifics
on this rule and our Web site for all rules):

Table 1. Example of an induced rule: a rule combining binding sites RAP1, SWI5, and MCM1�

RULE: IF RAP1 and SWI5 and MCM1� THEN similar expression in cell cycle, sporulation, diauxic shift, heat and cold shock, and
DNA-damaging agents (see Fig. 2)

Gene
symbol Biological process Molecular function Cellular component

Possible transcription
factors (P < 0.01)

RPL16B Protein biosynthesis RNA binding, structural
constituent of ribosome

Cytosolic ribosome (sensu
Eukarya), large ribosomal
subunit

FHL1, GAT3, PDR1, RAP1,
RGM1, YAP5

RPL26A Protein biosynthesis RNA binding, structural
constituent of ribosome

Cytosolic ribosome (sensu
Eukarya), large ribosomal
subunit

FHL1, RAP1

RPS18A Protein biosynthesis Structural constituent of
ribosome

Cytosolic ribosome (sensu
Eukarya), eukaryotic 43S
pre-initiation complex,
eukaryotic 48S initiation
complex, mall ribosomal
subunit

FHL1, GAT3, HIR2, RAP1,
RGM1, YAP5

RPL30 Protein biosynthesis, rRNA
processing, mRNA
splicing, regulation of
translation

Structural constituent of
ribosome

Cytosolic ribosome (sensu
Eukarya), cytoplasm, large
ribosomal subunit

FHL1, GAT3, RAP1, SFP1

RPL18A Protein biosynthesis Structural constituent of
ribosome

Cytosolic ribosome (sensu
Eukarya), large ribosomal
subunit

FHL1, MAL13, RAP1, YAP5

RPL14A Protein biosynthesis RNA binding, structural
constituent of ribosome

Cytosolic ribosome (sensu
Eukarya), large ribosomal
subunit

FHL1, GAT3, GRF10(Pho2),
GTS1, RAP1

SST2 Signal transduction,
adaptation to pheromone
during conjugation with
cellular fusion

GTPase activator activity Plasma membrane DIG1, FHL1, RAP1, STE12

RPS24A Protein biosynthesis Structural constituent of
ribosome

Cytosolic ribosome (sensu
Eukarya), eukaryotic 43S
pre-initiation complex,
eukaryotic 48S initiation
complex, small ribosomal
subunit

FHL1, GAT3, PDR1, RAP1,
RGM1, SMP1, YAP5

The rule was found in five of the six gene expression data sets. All genes containing the three binding sites in their promoter regions are listed in the
table together with their annotations as to the Gene Ontology biological process, molecular function, and cellular component, and the transcription
factors they bind according to Lee et al. (2002) (P-value < 0.01). The gene expression profiles for all genes in this table are shown in Figure 2. All the
induced rules and their evaluation with Gene Ontology and binding data can be found at our Web site.
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