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1 Introduction

The combinatorial regulation of transcription factors (TFs) and their binding sites is quite important
for gene expression, in which a limited number of TFs can contribute to complicated differentiation
and respond to a great number of changeable environments. However, only a few studies have directly
tackled with this hard problem, to uncover the combinatorial regulation [2]. Here we propose a novel
integrated system to elucidate combinatorial regulations of TFs and binding site motifs effective on
gene expression. This system includes filtering data, finding interactions between TFs and motifs from
usual DNA microarray data [4] and chromatin immunoprecipitation (IP) microarray data [3], finding
significant combinations of TFs and their motifs using a new algorithm, and finding the combination
effects on time series of gene expression. This system was applied to Yeast cell cycle, in which a variety
of data are accumulated.

2 Method

Our system has four procedures. 1) Filtering both ORF pairs with the same promoter and ORF's with
extremely homologous upstream regions by BLAST into one ORF, so as not to overestimate statistical
significance. 2) Finding significant single motifs of given TFs. (a) Data setting. Foreground: genes
of cell-cycle [4] and IP+ [3] (ex. G1 and Mbpl+ etc.), background: genes of non cell-cycle and IP-.
(b) Searching 6- to 9-mer over-represented motifs by counting the number of motifs and using the
test of 2*2 contingency table. (c) Merging over-represented motifs in order to simplify redundant
information. For instance, when CGCGAAA is supposed to be a true motif, also CGCGAA and
GCGAAA are usually found in the one less-mer searching. The algorithm executes exact alignment
to select an associated pair if the outer gap is within 2 (CGCGAA- and -GCGAAA), and deletes an
associated pair if the p-value of the extended motif (CGCGAAA) is less than both p-values of two
motifs of the pair in the contingency table. After these sub-procedures, it can be said that a found
motif should interact with a given TF from IP data.

3) Finding motif combinations. (a) Data setting. Foreground: G1, S, S/G2, G2/M, and M/G1
genes classified in [4], background: genes of non cell-cycle and with constant expression (from std-
dev over time) and of not IP4. (b) Searching over-represented combinations of the single motifs in
the previous result, by counting the number of genes with a combination and by using the test of
2*2 contingency table. We executed full search up to 3-combinations. (c¢) Merging over-represented
combinations in order to simplify redundant information. For instance, when M1-M2-M3 is supposed
to be a true motif combination, also M1-M2, M1-M3, and M2-M3 are usually found in the one less-
combination searching. The algorithm executes the test of independence for a pair (ex. M1-M2 and
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M2-M3) among a found combination set to select an associated pair, and deletes an associated pair if
the p-value of the extended combination (M1-M2-M3) is less than both p-values of two combinations
of the pair in the contingency table. 4) Finding combinations effective on gene expression. The sys-
tem calculates the degree of expression coherence of ORFs with a combination based on the average
Euclidean distance over all of the ORF pairs, and also outputs its p-value from computer simulation.
According to the p-value, the system screens for combinations significantly contributing to time series
of gene expression in [1] data.

3 Results

We reconstructed synergistic regulations (Fig. 1). The left result is experimentally validated, and
the right result is a new statistically significant synergism of MBF (Mbpl and Swi6), SBF (Swi4 and
Swi6), and Mcml.

S phase G1 phase

Mcm1 Fkh1 Mcm1 Mbp1 Swi6  Swi4
TAATTA AATAAACA __ YHRO61C YPL250C TAATTA ACGCGT CGCGAAA '/ RO43C VIL140W
YI L144W, YEL 061C YC RO65W, YN L082W
YD R451C, Y LR455W YB RO88C, YF RO27W

YL R049C, etc. ...
Figure 1: A part of reconstructed combinatorial regulations from usual microarray data, IP microarray
data, and upstream sequence data. Prior knowledge on regulation is not used. Mcm1, Fkh1l, Mbpl,
Swi6, and Swi4 are TFs. An arrow from a TF to a motif shows a direct or indirect influence of the
TF on the motif. A motif-bar-motif representation shows a significant motif combination. A motif
combination exists on the upstream sequence of the following ORFs.
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