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The availability of whole genomic DNA sequences makes it
possible to analyze regulatory DNA regions on a genome-
wide scale. Characterization of such regions will be crucial to
understand how the parts of an organism cooperate to build
the whole. This is a difficult undertaking, as the example of
eukaryotic promoter (enhancer) regions shows. It is common
practice among molecular biologists to search for binding
sites of transcription factors (TFs) in the noncoding regions
surrounding a gene to form hypotheses about transcriptional
regulation of the gene. This method often fails, because many
TF binding sites are frequent in genomic DNA, and the
occurrence of one binding site alone does not indicate its
functional significance. When analyzing multi-megabase re-
gions for regulatory regions, one would hope that it is possi-
ble to devise more sensitive techniques that take advantage
of the large amounts of statistical information extractable
from whole genome sequences. For the analysis of regulatory
regions, an important question in this regard is whether the
genome-wide distribution of TF binding sites could be used to
make inferences about transcriptional regulation of individ-
ual genes.

The transcription of many, if not most, eukaryotic genes is
cooperatively regulated via one kind (homotypic cooperativ-
ity) or several kinds (heterotypic cooperativity) of TFs. Such
cooperativity requires binding of transcriptional regulators
to closely spaced binding sites in regulatory regions. While
the exact spacing and order of TF binding sites are often
irrelevant, the fact alone that TF binding sites are spaced
more closely in these regions than expected “by chance alone”
may be used to detect regulatory regions on a genome-wide
scale. In other words, if a TF shows cooperativity for at least
some of the genes it regulates, closely spaced TF binding sites
in a region of the genome may indicate that a nearby gene is
regulated by the TF, a hypothesis that can then be tested
experimentally. This approach requires some notion of sta-
tistically significant groups (“clusters”) of TF binding sites;
that is, what does it mean to say that a group of binding sites
is linked more tightly than expected by chance alone? Re-
cently, a statistical technique for whole genome analysis was

proposed (9) that makes the notion of significant clustering of
TF binding sites precise and that allows detection of signifi-
cant binding site clusters in a genome. Given one or more TFs
with well-defined binding sites, the method identifies the
best candidate genes for regulation by the TFs in a genome,
based on significant binding site clusters. When applied to
the genome of Saccharomyces cerevisiae for homotypic site
clusters, the technique detects binding site clusters (i) up-
stream of genes experimentally known to be regulated by the
respective TFs and (ii) upstream of genes that play a role in
the same biochemical process as the TF (e.g., cell-cycle reg-
ulation), but for which it is not known whether the TF reg-
ulates their expression. Notably, while there can be thou-
sands of binding sites for a specific TF in the genome, the
number of significant clusters of binding sites is typically
small (9). When analyzing the distribution of individual sites
belonging to such clusters, one finds that they occur with
strong preference in noncoding regions, as would be expected
for yeast TF binding sites that play a role in transcriptional
regulation. Although base composition may be a rather poor
predictor of site frequency (4), it may be worth pointing out
that this bias cannot be explained on the basis of different
base compositions in coding and noncoding regions. Further
validation of the method is currently limited by published
information on specific TFs and the genes they regulate, but
will soon become easier as vast amounts of expression data
from transcript arrays become available for yeast.

While a technique like this can help generate hypotheses
on particular TFs and genes they regulate, application to a
larger sample of TFs can reveal patterns that cannot be
detected by looking at individual factors, but may reveal
information about genome organization or global regulatory
patterns. The information displayed in Table 1 shows a po-
tential example of such a pattern. It is based on analysis of
the yeast genome for homotypic binding site clusters of a
larger sample of TFs than the previous study. TFs repre-
sented in this list were chosen from a public database (10) on
the basis of two criteria for their DNA binding sites. First,
their binding sites are among the best characterized in yeast.
Second, their binding sites occur at an intermediate fre-
quency (.50 copies) in the genome. Very frequent binding
sites, such as the heat shock factor (HSF) binding site with
.105 occurrences, were excluded, because they are closely
spaced throughout the entire genome. The resulting list of
sites in Table 1 includes TFs involved in particular cellular
processes (e.g., SBF, cell-cycle regulation; 6), but also general
TFs involved in the regulation of many different kinds of
genes (REB1; Ref. 3), and factors that also have functions
other than transcriptional regulation (e.g., CBF1, implicated
in centromere function; Ref. 5).

The number of individual binding sites that are part of
significant clusters is listed separately for coding and non-
coding regions in columns 2 and 3 of Table 1. Given that
approximately 72% of the yeast genome is protein-coding (2),
one would expect a 72:28 percentage ratio of sites in coding
and noncoding regions, respectively. When testing the null
hypothesis that the observed number of sites is consistent
with this expectation by a x2 test, one finds that clusters for
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12 of the 17 sites occur with high preference in the noncoding
regions (column 4). Five of the remaining TF binding sites
show no significant bias (at P 5 0.01), and one site (GCR1)
shows a bias toward occurrence in the coding regions. Com-
putation of such global statistics on the genomic distribution
of TF binding sites may provide a first indication that a TF
displays homotypic cooperativity.

Columns 6 and 7 of Table 1 show the distribution of clus-
ters located in noncoding regions with respect to the orien-
tation of adjacent gene pairs. If a binding site cluster occurs
in the noncoding region between two genes or (putative) open
reading frames, the two genes can have four possible combi-
nations of orientations. Both of them may be encoded on the
Crick (C) strand or on the Watson (W) strand (WW or CC
orientation); i.e., they are transcribed in the same direction.
They may be convergently transcribed (WC orientation), in
which case the cluster is located downstream of the tran-
scription start site of both genes. Third, they can be diver-
gently transcribed (CW orientation), in which case the clus-
ter lies upstream of both genes. Because transcriptional
regulators in yeast function in general only when bound
upstream of a gene, the TF that binds to its site(s) can
regulate the transcription of only one gene if it lies between
two genes in CC or WW orientation. It cannot regulate ex-
pression of either gene in the WC combination, but it can
coordinately regulate the expression of both genes in the CW

combination. The orientation of individual genes in the yeast
genome does not show any obvious local correlation (2; A.
Wagner, unpublished results), i.e., the orientation of two
consecutive genes in the yeast genome appears uncorrelated.
The mean fraction of adjacent (putative) open reading frames
in the four orientations averaged over all 16 yeast chromo-
somes is statistically indistinguishable from the ratio CC:
CW:WC:WW 5 1:1:1:1 (A. Wagner, unpublished results).
One might expect a priori that TF binding site clusters are
approximately randomly distributed among these four com-
binations. However, this is not the case. The first observed
pattern concerns the number of clusters between genes in
WC orientation, where they are not likely to play a role in
transcriptional regulation. For the 17 TFs listed here, a total
of 85 homotypic clusters were found in noncoding regions.
Only 2 of those (one each for DAL82 and REB1, a multifunc-
tional TF) occur between genes in WC orientation (x2 5
23.25, 1 df, significant at P ! 0.001). The second pattern
concerns the distribution of clusters among genes in CW
orientation on one hand (column 6), and in all other orienta-
tions on the other hand (column 7). Pooling information from
all 17 TFs, one observes 54 clusters between genes in CW
orientation vs 31 clusters between genes in all other orien-
tations, a highly significant (x2 5 67.30, 1df, P ! 0.001)
deviation from the null hypothesis of a 1:3 ratio, under the
assumption that clusters for different TF binding sites are

TABLE 1

Distribution of Transcription Factor Binding Sites Belonging to Tightly Linked Binding Site Clusters

No. clusters in noncoding region
No. sites belonging to

significant clusters By orientation of
adjacent gene pair

Transcription
factora

In coding
region

In noncoding
region

P valueb

(x2 test) Total CW WW/CC/WC
P valuec

(exact test)

ABF1 73 63 1.94 3 1026 4 4 0 ND
CBF1 61 56 1.71 3 1026 6 5 1 4.9 3 1023

DAL82 92 56 7.68 3 1023 4 2 2 ND
yE2F 129 86 8.90 3 1025 8 6 2 4.5 3 1023

GCN4/yAP-1 139 49 5.50 3 1021 1 0 1 ND
GCR1 133 31 9.46 3 1023 1 0 1 ND
MBF 40 60 1.03 3 10212 11 7 4 8.1 3 1023

MIG1 106 77 2.22 3 1025 7 4 3 7.4 3 1022

PHO4 80 72 1.05 3 1027 9 8 1 1.2 3 1024

PPR1-dep. protein 77 34 5.38 3 1021 1 1 0 ND
R-CAR1 18 17 6.72 3 1023 1 1 0 ND
RAP1 99 204 .10214 9 6 3 1.1 3 1022

REB1 124 288 .10214 14 7 7 4.1 3 1022

ROX1 148 72 1.20 3 1021 2 1 1 ND
SBF 65 46 1.16 3 1023 2 0 2 ND
STE12 80 25 3.40 3 1021 4 2 2 ND
YEB3 68 20 2.70 3 1021 1 0 1 ND

a Consensus binding site (number of mismatches tolerated per site): ABF1, RTCRYBNNNNACG (0); CBF1, RTCACRTG (0); DAL82,
GAAAATTGCGTT (2); yE2F, GCGCGAAA (1); GCN4/yAP-1, RRTGACTCA (1); GCR1, WNYNRNCWTCCWNWWK (1); MBF, ACGCGTNA
(0); MIG1, WWWWWNSYGGGG (1); PHO4, CACGTG (0); PPR1, TTCGGNRNTYNCCGAA (2); R-CAR1, AGCCGCCGA (0); RAP1, WRMACC-
CATACAYY (3); REB1, CCGGGTAA (2); ROX1, YYYATTGTTCTC (2); SBF, CACGAAAA (0); STE12, TGAAACA (0); YEB3, CAGGTC-
ATGTGGC (3). All consensus site are taken from Ref. (1) and from the TRANSFAC database (http:\\transfac.gbf-braunschweig.de/
TRANSFAC/; release 3.0; Ref. 10). Allowed mismatches maximize site count, while ensuring an exponential intersite distance distribution
in genomic DNA, as assessed by likelihood ratio and x2 goodness-of-fit tests to an exponential distribution.

b Based on a x2 test of the observed ratio of binding sites in coding:noncoding region against the expected ratio of 72:28 (Ref. 2). All
significant deviations are in the direction of increased number of binding sites in noncoding regions, except for GCR1.

c Probability of observing a deviation from the expected 1:3 ratio equal to or larger than that observed, based on an exact test (one-tailed)
for TFs with five or more clusters (Ref. 8, Chap. 17). ND. not determined, because number of clusters is too small. Chromosomal locations
of individual clusters are available upon request.
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not colocated. Thus, a clear bias is observed toward a large
number of clusters between genes in the CW orientation,
where they could play a role in the coordinated regulation of
both genes. Because the number of clusters for individual
TFs is small, interpretation of any statistical test for individ-
ual TFs must be approached with extreme caution. With this
caveat in mind, an exact test (Ref. 8; Chap. 17) for the
deviation from the null hypothesis was carried out for those
individual TFs whose binding sites showed more than 5
clusters (column 8). Four of seven TFs for which an exact test
was carried out show a deviation from the 1:3 ratio signifi-
cant at P , 0.01. The other 3 show a nonsignificant deviation.
However, the direction of this deviation is toward CW ori-
ented genes, a pattern that also holds for 6 of the 10 TFs for
which less than 5 clusters were found. The remaining 4 TFs
for which the pattern does not hold account for only 5 of the
85 clusters observed. Notably, 3 of these 4 TFs are ones for
which the binding sites do not accumulate in noncoding re-
gions.

It should be emphasized that the statistical signal detected
here is likely to be seriously obscured by three factors. First,
well-characterized binding sites are critical to the success of
the technique. Some of the TF binding sites considered, al-
though among the best characterized for yeast, are still not
very well defined (e.g., through extensive mutagenesis). Sec-
ond, heterotypic associations were not even considered.
Third, noncooperative regulation cannot be detected by this
approach. The robustness of the signal is therefore surpris-
ing. It does not, of course, imply biological significance. Ex-
perimental validation would involve testing the effect of
changes in the activity of multiple TFs on the expression of
multiple genes. While conventional techniques are not effi-
cient at addressing such global questions about gene regula-
tion, relevant data may become available soon with the abil-
ity to assess expression changes in thousands of genes
simultaneously. If it is proven that at least some of the
observed TF binding site clusters have a role in transcrip-
tional regulation, one may have to conclude that gene pairs
forming coregulated units reminiscent of operons in pro-
karyotes are even more frequent in yeast than is currently
appreciated (7). For the time being, the result suggests a
possible avenue toward the identification of new functional
yeast ORFs, namely to take a look at ORFs adjacent to any
gene regulated by a known TF, if the respective pair of ORFs
is in a head-to-head orientation.
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The matrix metalloproteinases (MMPs)3 are a family of pro-
teolytic enzymes with broad specificity for components of the
extracellular matrix and with important implications for devel-

The mouse genes encoding MMP-15 (MT2-MMP) and MMP-16
(MT3-MMP) are Mmp15 and Mmp16, respectively. MMP15 and
MMP16 are the corresponding human genes.
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