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Abstract—Binding sites of eukaryotic transcriptional regulators are often very short, and the specificity of
recognition is attained by cooperative binding of regulators to clusters of sites. We analyzed clustering of
binding sites of the global regulator of amino acid metabolism Gcn4p in regulatory regions of nine genes of
yeast Saccharomyces cerevisiae and of orthologous genes of a phylogenetically quite distant yeast Candida
albicans. Despite differences in the parameters characterizing the clusters, the clustering of candidate
Gcn4p is retained in most regulatory regions, which confirms the functional significance of this phenomenon. Analysis of a control set of genes that are not regulated by Gcn4p demonstrates that this clustering is
not random.
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INTRODUCTION

protein activates from 9 to 30 genes whose products
are involved in amino acid biosynthesis [5–7]. The
regulatory regions of most of these genes contain
binding sites of Gcn4p, called GCRE (GCN4 responsive element) with consensus TGACTC [8], and in
most cases there are several GCRE elements in one
regulatory region [9].

The transcriptional apparatus of eukaryotic cells
differs from that of prokaryotes. In particular, the regulatory regions of most genes contain binding sites
for many regulators. The length of these sites is 6–8
nucleotides, and the specificity of recognition is sustained owing to the existence in the regulatory region
of clustered binding sites of one type (so-called
isotypic clusters). There are two possible explanations
of this phenomenon. Firstly, multiplicity of isotypic
sites could lead to high-affinity cooperative binding
of the regulator molecules [1]. Secondly, site clusters
could promote lateral diffusion of activator proteins
from sites of low affinity to the high-affinity ones
[2–4].

There exist several algorithms for identification
of monotypic site clusters. One such algorithm,
CLUSTER [10], was applied to the analysis of Gcn4p
regulons of yeasts Saccharomyces cerevisiae
[ftp://ftp.ncbi.nih.gov/genomes/Saccharomyces_cerev
isiae/] and Candida albicans [ftp://cycle.stanford.edu/
/pub/projects/candida/].
RESULTS AND DISCUSSION

The eukaryotic cell of a unicellular organism is
capable of fast changes in the metabolism depending
on the external conditions. Thus, amino acid starvation leads to increased translation of the mRNA of the
GCN4 gene, the main regulator of the amino acid metabolism. The experimental data show that the Gcn4p

In S. cerevisiae the regulatory regions of genes
normally occupy up to 250 bp from the transcription
start, although larger regulatory regions of length up
to 1000 bp have been observed [11]. Experimental
data show that most binding sites of Gcn4p occur
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within 600 bp from the transcription start [12]. However, preliminary analysis identified candidate sites at
larger distances. Besides, for most genes the transcription start point is not known. Therefore, we considered 1000-bp fragments upstream of the translation
start codon. These regions were selected from the genome using GenomeExplorer [13].
Based on published experimental data, we selected nine genes known to be regulated by Gcn4p:
HIS3, ARG8, ARG1, ADE4, ILV1, TRP4, HIS4, HIS7,
and ILV2 [7]. Site clusters were identified in several
steps. Experimentally found sites were selected from
the TRANSFAC database [http://www.gene-regulation.com/index.html; 14], aligned, and used to construct the recognition profile. This profile is used to
compute the score of a candidate site and to select
sites passing the threshold. Then clusters of sites are
determined and their significance is computed. Each
cluster is characterized by its position in the sequence
fragment, the threshold for individual sites, and window size. For convenience, two of these parameters
may be fixed; then the cluster significance is a function of the remaining parameter [10].
The obtained significance values were visualized using MatLabTM6.5. For each regulatory gene,
two parametric portraits are constructed, allowing one
to assess the dependence of the cluster significance on
the three parameters. The portraits for the upstream
region of the gene HIS3 are shown in the figure as an
example. The observed cluster in the region 250–300
bp upstream of the translation start is highly significant. Analogous plots were constructed for other
genes (not shown).

Statistical significance of theGcn4p binding site clusters
in the regulatory region of gene HIS3. Horizontal axis:
position. Vertical axis: threshold (left) or window size
(right). Shading denotes significance (white for high,
gray for intermediate, black for low).

The goal of this step was to verify the existence
of Gcn4p binding site clusters. It turned out that the
significance of the observed clusters varies, the strongest site was observed in the regulatory region of
ADE4, and the weakest sites were seen upstream of
ILV2 andTRP4. Nevertheless, all analyzed genes had
significant Gcn4p site clusters.

particular, position relative to gene starts, see below)
were different from those of the real sites. In fact, a
recent experimental study claimed that Gcn4p may
regulate much more genes than it had been known, up
to 10% of the yeast genome [10]. Thus, it might be
possible that some of these genes were included into
the control sample.

To check that this is not due to random fluctuations, we considered 104 genes of known functions
for which no data about Gcn4p have been published.
Candidate clusters were sought using the same settings of the program. Upstream regions of most genes
in this control sample did not contain sites clusters,
although a minority (about 10%) had clusters of significance comparable to that in the training set. However, the parameters of these spurious clusters (in

Then we attempted to create a recognition rule
that would combine the values of all three parameters
characterizing true sites. This would allow one to scan
the entire genome in order to find additional genes
most likely regulated by Gcn4p. Unfortunately, this
proved to be impossible, as the parameters of significant clusters for all genes in the training set differed widely. In fact, the only common feature of the
true clusters was their high statistical significance.
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Unfortunately, computing the significance of clusters
over the entire range of the parameter values by the
CLUSTER algorithm is computationally difficult, and
cannot be done for the full genome. On the other
hand, we have observed that all true sites occupy the
region 200–250 bp upstream of the translation start.
At the next stage, we examined whether clustering of Gcn4p binding sites is a universal feature of
this regulator. For comparison, we considered the genome of yeast Candida albicans, which is quite distant from S. cerevisiae on the phylogenetic tree. The
genome of C. albicans contains a gene orthologous to
GCN4.
Eight out of nine considered genes had orthologs
in C. albicans with 45% identity on the amino acid
level. One more gene, HIS4, had a 21%-identical
ortholog. All identified orthologs were retained for
further analysis.
Since the considered genomes diverged fairly
early, one should not expect either alignability of
gene upstream regions or complete coincidence of site
clusters. Thus the goal was to verify the existence of
sites per se. This proved to be true indeed, as most
C. albicans orthologs have candidate sites. However,
it should be noted that the parameters of significant
clusters differed more widely than in S. cerevisiae. In
particular, as noted above, a common feature of the
S. cerevisiae clusters was the distance to the translation start. For orthologs from C. albicans this rule is
not universal: although most clusters are at the same
distance from the translation start point, in some cases
they are closer to the gene, in the region 200 bp upstream of the translation start. One should also mention that in the case of ADE4, the significance of the
cluster changes considerably: in S. cerevisiae this
gene has the strongest cluster, whereas in C. albicans,
the cluster is rather weak. Still, these observations
confirm the universality of the clustering mechanism:
all orthologs from C. albicans have clusters of candidate Gcn4p-binding sites, and most of these clusters
are characterized by comparable significance and approximately the same distance to the start.
Further analysis will aim at creating an exact
recognition rule capable of identification of clusters
of binding sites in the complete genome. An analogous study for S. cerevisiae has been performed [16].
The conditions established in this study were the existence in the 5’-region of at least three candidate
Gcn4p-binding sites, so that one of them should fall in

the region 40–300 bp upstream of the transcription
start, another, 500 bp or closer, and the third, at most
600 bp. Candidate sites were identified by the MatInspector program [17]. Unfortunately, currently it is
not available; instead the Match program [18] is suggested. This program was applied to nine genes in the
training sample with the original parameters of [16].
Unfortunately, for none of the genes the results could
satisfy the set conditions. This is most probably
caused by the difference in the work of Match and
MatInspector.
Making the conclusions, one should note the following points:
we demonstrated clustering of sites for the
global amino acid biosynthesis regulator Gcn4p,
analysis of 100 a priori nonregulated genes
demonstrated nonrandomness of the observed clusters
in the 5′-regions upstream of regulated genes,
clustering is retained in a distant organism, C.
albicans.
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