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INTRODUCTION

Four volumes of Proceedings of the Third International Conference on Bioinformatics of Genome Regulation and Structure
— BGRS’ 2002 (Akademgorodok, Novosibirsk, Russia, July 14-20, 2002) incorporate about 180 annotated extended
abstracts (short papers) devoted to the actual problems in bioinformatics of genome regulation and structure.

The Conference BGRS’ 2002 is organized by the Laboratory of Theoretical Genetics of the Institute of Cytology and
Genetics of Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia. BGRS’ 2002 is the third in the
series. It will continue the traditions of the previous conferences, BGRS’ 98 and BGRS’ 2000, which were held in
Novosibirsk in August 1998 and 2000, respectively.

As the greatest scientific event within the period between the Conferences BGRS’ 2000 and BGRS’ 2002, could be
undoubtedly viewed the completion of human genome draft sequencing. This event has initiated the beginning of the post-
genome era in biology. This era is characterized by sharp increase in research scale in the fields of transcriptomics,
proteomics, and systemic biology (gene interaction, gene network functioning, signal transduction pathways), without
loosing the fundamental interest to studying structural genome organization.

The structure and regulation of genome are the counterparts of life at molecular level; that is why understanding of
fundamental principles of regulatory genomic machinery is impossible unless their structural organization is known, and
vice versa.

The huge volume of experimental data that has been acquired on genome structure, functioning and gene expression
regulation demonstrate the blistering growth. Development of informational-computational technologies of novel
generation is a challenging problem of bioinformatics. Bioinformatics has entered that very phase of development, when
decisions of the challenging problems determine the realization of large-scale experimental research projects directed to
studying genome structure, function, and evolution.

By analyzing the papers submitted for publication in the four-volume issues of the BGRS’ 2002, the Program Committee
came to a conclusion that participants of the Conference have concentrated their attention at consideration of the hottest
items in bioinformatics listed below: (i) regulatory genomic sequences: databases, knowledge bases, computer analysis,
modelling and recognition; (ii) large-scale genome analysis and functional annotation; (iii) gene structure finding and
prediction; (iv) comparative and evolutionary genomics; (v) computer analysis of genome polymorphism and evolution;
computer analysis and modelling of transcription, splicing and translation; structural computational biology - genomic
DNA, RNA and protein structural and functional organization; (vi) gene networks, signal transduction pathways and
genetically controlled metabolic pathways: databases, knowledge bases, computer analysis, and modelling; principles of
organization, functioning, and evolution (vii) data warehousing, Knowledge Discovery and Data Mining; (viii) analysis of
fundamental regularities in genome functioning, organization, and evolution.

The researchers working in the fields of experimental biology are also invited to participate in the work of BGRS’ 2002 in
order to develop a sort of interface between experimental and computer-assisted researches in the fields of genomics,
transcriptomics, proteomics, structural and systemic biology, as well as for contributing to promotion of computational
biology to experimental research. These results are highlighted in the fourth volume of BGRS’ 2002 Proceedings.

All the questions listed above will be suggested to consideration of participants of BGRS’ 2002 at plenary lectures, oral
communications, poster sessions, Internet computer demonstrations, and round-table discussions.

The Conference is sponsored by Siberian Branch of the Russian Academy of Sciences, by the Institute of Cytology and
Genetics SB RAS, by Russian Foundation for Basic Research, by Russian Ministry of Industry, Science and Technologies,
by the Company Glaxo Research and Development Limited, by independent International Association formed by the
European Community INTAS. The Organizing Committee of the Conference tender thanks to all the sponsors for financial
support.

Professor Nikolay Kolchanov Professor Phil Bourne
Head of Laboratory of Theoretical Genetics SDSC, San-Diego, USA
Institute of Cytology and Genetics SB RAS, Novosibirsk, Russia Co-Chairman of the Conference

Chairman of the Conference

Professor Ralf Hofestaedt
Faculty of Technology
Bioinformatics Department
University of Bielefeld, Germany
Co-Chairman of the Conference
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TRANSCRIPTION REGULATORY REGIONS DATABASE (TRRD):
ITS STATUS IN 2002

Ignatieva E.V., Ananko E.A., Podkolodnaya O.A., Stepanenko I.L., Merkulova T.1., Pozdnyakov M.A.,
Podkolodny N.L., Naumochkin A.N., Romashchenko A.G., * Kolchanov N.A.

Institute of Cytology and Genetics, SB RAS, Novosibirsk, Russia, e-mail: kol@bionet.nsc.ru
Corresponding author

Key words: database, transcription regulation

Motivation: The main purpose for development of TRRD was to provide a most comprehensive and adequate description of
the structure—function organization of transcription regulatory regions in eukaryotic genes.

Results: The current release of TRRD comprises the data on 1405 genes, 2158 regulatory units, 7419 expression patterns,
6646 transcription factor binding sites, and 14 locus control regions. All the data have been inputted into TRRD from 4779
annotated publications and are distributed between the seven following databases: TRRDGENES, TRRDUNITS,
TRRDEXP, TRRDSITES, TRRDFACTORS, TRRDLCR, and TRRDBIB. SRS is used as a main searching and navigation
tool.

Availability: http://www.bionet.nsc.ru/trrd/
Introduction

Transcription is the first and key stage of an intricate multilevel process of gene expression. An avalanche of experimental
data on the transcription level of gene expression regulation brings about an exigent need to develop computer databases for
arrangement, storage, and use of the information obtained. The Transcription Regulatory Regions Database (TRRD),
developed at the Institute of Cytology and Genetics SB RAS (Novosibirsk), provides an integrated description of
transcription regulation of eukaryotic genes transcribed by RNA POL II. TRRD complies the information on
structure—function organization of extended transcription regulatory regions, which may include several hierarchical levels.
Transcription factor binding sites, described in TRRDSITES, belong to regulatory elements of the first level. Functionally
related sets of sites compose regulatory units (promoters, enhancers, and silencers), representing the next level of regulation
(described in TRRDUNITS). Note that regulatory units may be localized to different gene regions: 5’-flanking, 3’-flanking,
exons, and introns. Locus control regions (LCR) form the next regulatory level. LCRs are responsible for concerted
expression of several genes within one locus and may contain several regulatory units (enhancers, positive, or negative
regulatory regions) and transcription factor binding sites. The database TRRDLCR contains the structure—function
characteristics of LCRs. TRRDEXP comprises the data on qualitative distinctive features of gene expression in any organs,
tissues, cell types, and cell lines in a form of expression patterns. The database TRRDFACTORS compiles the information
on the transcription factors interacting with binding sites. An entry of TRRD corresponds to a particular gene. All the pieces
of general information on genes together with hierarchically organized presentation of all the regulatory elements are
accumulated in TRRDGENES. All the information is inputted into the database by experts in biology basing on analysis
and annotation of papers reporting experimental data. Each type of experiment is designated with specific digital code,
indicated in the fields ExperimentCodes (AG) of the databases TRRDGENES, TRRDSITES, and TRRDUNITS. All the
bibliographic information is available in TRRDBIB.

The formats of TRRD releases 4.1 and 4.2 are described in (Kolchanov et al., 1999; Kolchanov et al., 2000); the formats of
new databases TRRDLCR and TRRDUNITS as well as new fields supplemented to TRRDSITES (TRRD release 6.0), in
(Kolchanov et al., 2002).

Syntactic and semantic analyses using original programs accompany the data input into TRRD. The former program—
TRRD-INPUT, realized in Visual FoxPro 5.0 using OLE technology and ActiveX elements (Ananko et al., 1998)—checks
the inputted terms for their compliance with the controlled vocabularies. The latter program—TRRD-Pars, realized in
Visual C++ medium—verifies in a dynamic mode the information on nucleotide sequences and positions of transcription
factor binding sites from TRRDSITES using the sequences from EMBL/GenBank referred to in TRRD. Another function
of the program TRRD-Pars is automated generation of a block of fields in the database TRRDUNITS containing nucleotide
sequences of regulatory units retrieving the necessary information from TRRD and EMBL/GenBank. These fields are
generated through comparing the corresponding data in TRRDGENES, TRRDSITES, and EMBL/GenBank including
several stages. At the first stage, the starting point used for describing a regulatory unit in question in TRRDGENES
(transcription start, translation start, or beginning of the sequence) is considered. The data on positions of sites in
EMBL/GenBank sequence and their distance from the starting point is used to determine the position of the starting point in
EMBL/GenBank sequence (Fig. 1a). At the second stage, the regulatory unit in question is localized and the corresponding
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region of EMBL/GenBank sequence is extracted using the position of the starting point found in combination with
annotated data on the positions of the regulatory unit bounds relative to the starting point (Fig. 1b).

EMBL/GenBank Nucleotide sequence a)
1 bs,(51,Q1), bs,(S2,Q2)....  bs,(Sn,Qn) SP
® @ @
S1 (0] i

b ‘E 7 ‘Qf - Fig. 1. Extraction of nucleotide sequences of regulator units
— S Jz%(—) from EMBL/GenBank: (a) determining the position of
Sn Qn starting point (SP) in EMBL/GenBank entry from positions of
sites relative to SP (S1, S2,...Sn) and the position of first
nucleotide of the sites (Q1, Q2,...Qn) and (b) extracting the
EMBL/GenBank : TRRDUNITS : b) region of nucleotide sequence corresponding to the regulatory

so unit in EMBL/GenBank.

aagcttatcgatgataagcggtcaaaca " SeqUEDCG"

tgagaattcgcgatagggatcacctcga
tccagcecttatctaggececteccectyg
tcaaacacccttgtectttgttaccaga
acaggccacctttgcacctgetgttcee
tcecteccaagggggtgggggttatectte
cagagagttcctgcctacttcaggaaat
agctaaaccctctcecatggectgttte

ggtcaaacatgagaattcgcgataggga
tcacctcgatccagecttatctaggecece
ctcccecctgtcaaacacccttgtecttt
gttaccagaacaggccacctttgcacct
gctgttcecctectccaagggggtggggg
ttate

agtcggccgcagtgggggtacatatttyg
accctcactcaggagactggaaatcaga

Sequence Retrieval System (SRS) v. 6 is used to integrate the seven databases of TRRD with one another and other
available informational and software modules of GeneExpress-2 (Kolchanov et al., 1999).

A new version of the program TRRD-Viewer, presenting the data compiled in TRRD as maps of gene regulatory regions,
was developed in Java using JDK 1.1.8 and tested in web browsers under MS, Windows, and Linux operational systems.

Implementation and Results

Informational content. TRRD is the largest informational module of GeneExpress-2 (Kolchanov et al., 1999), available at
<http://wwwmgs.bionet.nsc.ru/mgs/gnw/>. TRRD is supplemented with new information monthly. The numbers of entries
in TRRD release 4.2.5 (Kolchanov et al., 2000) and the current release 6.01 are listed in Table.

Table. TRRD informational contents.

Database Number of entries in release Number of entries in release Number of indexed fields in
4.2.5% 6.01** release 6.01

TRRDGENES 760 1405 24
TRRDUNITS - 2158 11
TRRDEXP 3403 7419 17
TRRDSITES 3604 6646 16
TRRDFACTORS 2862 5735 14
TRRDLCR - 14 40
TRRDBIB 2537 4779 9

*As of March 01, 2002; **As of May 14, 2002.

Within TRRD, the following topic sections are developed, uniting genes according to their functional characteristics: Heat
Shock-Induced Genes (HS-TRRD), comprising 106 entries; Interferon-Inducible Genes (IIG-TRRD), 114 entries;
Erythroid-Specific Regulated Genes (ESRG-TRRD), 66 entries; Genes of Lipid Metabolism (LM-TRRD), 103 entries;
Endocrine System Transcription Regulatory Regions Database (ES-TRRD), 124 entries; Glucocorticoid-Regulated Genes
(GR-TRRD), 64 entries; Plant Genes (PLANT-TRRD), 136 entries; Cell Cycle-Dependent Genes (CYCLE-TRRD), 55
entries; and Redox-Sensitive Genes (ROS-TRRD), 81 entries.

The visualization system TRRD-Viewer was supplemented with additional options compared with the previous version
(Kolchanov et al., 1999). The new version of TRRD-Viewer (Kolchanov et al., 2002) provides a quicker loading and
increased processing power of graphical tools compared with the previous version. Operation of the TRRD-Viewer is
shown by the example of human CYP7 gene regulatory regions (Fig. 2).
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Fig. 2. The interface of TRRD-Viewer.

Data search in TRRD. SRS (Sequence Retrieval System) is the major tool for searching TRRD for the data of interest
using key words. The total number of indexed fields available for the SRS-based search amounts to 131 (Table). The search
for genes of interest according to their names using browsers is also provided. A quick access to the genes from the topic
sections listed above is available via the corresponding TRRD sections. The program BLAST
(http://wwwmgs.bionet.nsc.ru/mgs/systems/fastprot/units_blast.html) allows the regulatory regions homologous to an
analyzed DNA sequence to be searched for.

Analysis of DNA sequences is available using the program BinomSite. This program searches for the regions homologous
to the transcription factor binding sites compiled in TRRD (http://wwwmgs.bionet.nsc.ru/mgs/programs/mmsite/) in a DNA
sequence of interest.

Relational version of the TRRD database was developed in ORACLES8i medium. XML representation is used as an
exchange format. A specialized loading program, transforming the data into XML format, is used for loading the data from
flat file. By now, the relational TRRD version comprises 102 tables (52 informational and 50 linking tables); the TRRD
data scheme is available at http://www.bionet.nsc.ruw/trrd/RelScheme/.

Several databases compiling the information on various aspects of eukaryotic gene transcription regulation—EPD,
TRANSFAC, and COMPEL—are now available. However, neither of them provides an integrated description of
transcription regulation. TRRD is a unique database, as it contains simultaneously the data obtained while studying
extended regulatory regions, transcription factor binding sites, and specific expression patterns of various eukaryotic genes.
The informational system TRRD comprises over 130 indexed fields (Table 1) distributed over 7 databases. TRRD
accumulates only published experimental information upon its syntactic and semantic verification. TRRD contains the
largest in the world collections of annotated regulatory units of eukaryotic genes (about 2000) and transcription factor
binding sites (6431). The data on gene expression patterns and regulatory elements responsible for their realization provides
for the first time the possibility to analyze molecular genetic systems of different organisms at the level of gene networks.

The work was supported in part by the Russian Foundation for Basic Research (grants Ne 01-07-90376, 01-07-90084, 00-
07-90337, 02-07-90355, 02-07-90359, 00-04-49229, and 00-04-49255); Russian Ministry of Industry, Science, and
Technologies (grant Ne 43.073.1.1.1501); Siberian Branch of the Russian Academy of Sciences (Integration Projects Ne 65
and 66); US National Institutes of Health (grant Ne 2 RO1-HG-01539-04A2); and US Department of Energy (grant Ne
535228 CFDA 81.049). The authors are grateful to I.V.Lokhova and L.V.Katokhina for bibliographic support;
D.A.Grigorovich and E.V.Maksakov, for development of software; experts in biology O.E.Belova, T.V.Busygina,
V.M.Merkulov, T.N.Goryachkovskaya, V.V.Suslov, T.M.Khlebodarova, S.A.Fedorova, S.S.Ibragimova, O.G.Smirnova,
and A.L.Proskura, for annotating the literature.
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Motivation: One of the problems of when searching for the information needed in databases is to take into account the
presence of synonyms of numerous terms used and hierarchical organization of concepts. The majority of retrieval systems
search only for the certain textual string (keyword), which is frequently inconvenient for the user.

Results: A retrieval system assisting the user in working with TRRD, which addresses particular biological problems, has
been developed. While operating, the retrieval system uses hierarchically organized thesauruses of cells, tissues, and organs,
permitting the queries to the SRS TRRD version not only by a particular keyword, but also retrieval of the data on all the
connected words (daughter terms with reference to the initial word) or all its synonyms simultaneously. A specialized
section of the TRRD database on tissues and organs, helping the user to obtain additional reference information, were
created.

Availability: http://wwwmgs.bionet.nsc.ru/mgs/gnw/trrd/thesaurus/.
Introduction

Development of informational technologies arises the problem of searching for the information needed. A large diversity of
retrieval systems is presently available. However, the most critical problem encountered by users of these systems is
synonymy of terms. Most frequently, it is impossible to retrieve the necessary information without knowing the synonyms.
In addition, similarly to other specialized databases, it is necessary to find all the information connected with a word of
interest when working with molecular biological databases. For this purpose, the user has to search not only for the main
keyword, but also for all the words connected with it. This is a time-consuming and inconvenient procedure, giving no
guarantee that the entire information of interest is retrieved.

Hierarchically ordered thesauruses and vocabularies of synonymic terms help solving such problems. We developed a
specialized retrieval system using such thesauruses for the TRRD database (Kolchanov et al., 2002). This assists the TRRD
users in searching for genes expressed in certain cells, tissues, and organs. The system is available at the specialized TRRD
section (http://wwwmgs.bionet.nsc.ru/mgs/gnw/trrd/thesaurus/).

The following types of relations are used in the hierarchically organized thesauruses of cells, tissues, organs, and
ontogenetic stages: scope note (SN), broader—narrower (BT/NT), whole—part (TT/NT), relationships (RT), and synonymy
(USE/UF).

The retrieval program forms a set of daughter keywords from the keyword tree, then a subset of synonyms, and creates a
query to the SRS table TRRDEXP4 (Kolchanov et al., 2002), retrieving the corresponding fields where at least one word
from the keyword set is met. Then, the entries with a zero expression level are cut off, and two SRS tables—
TRRDGENES4 and TRRDEXP4—are automatically linked. Upon linking, the user receives a list of the entries from the
table TRRDGENESA4.

Implementation and Results

The technology for developing and maintaining controlled glossaries and vocabularies for TRRD was developed and has
been optimized (Ananko et al., 1998). Basing on these glossaries and vocabularies, hierarchically organized thesauruses of
cells, tissues, organs, and ontogenetic stages, including synonyms, were developed. Thesauruses on mammalian tissues and
organs provide the user with supplementary information on their cell compositions, localizations, tissue origins, and
functions of entire organs and their parts. The thesaurus-based search for information in TRRD was worked out, and a
specialized retrieval system maintaining the relations of the broader—narrower (BT/NT), whole—part (TT/NT), relationships
(RT), synonymy (USE/UF), and other types while its operation was developed. This retrieval system is a component of the
system GeneExpress (Kolchanov et al., 1998), is available via the Internet (Fig. 1), and links the thesauruses with the TRRD
database, allowing the list of genes expressed in a tissue or organ in question to be retrieved (Fig. 2).
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The retrieval system developed addresses particular biological problems, namely, search for the genes expressed under
conditions specified. This system allows queries to the TRRD SRS version to be made not only by a keyword inputted, but
also by all the related words (daughter with respect to the initial word) within the corresponding glossary or vocabulary
simultaneously. In this process, the two SRS tables of TRRD—TRRDEXP4 and TRRDGENES4 (Kolchanov et al.,
2002)—are automatically linked. The work of user is essentially facilitated, as he(she) receives a list of genes with
indication of all the synonyms and organism species (Fig. 3), not expression patterns, as is typical of a conventional SRS-
based retrieval system. For example, when a query is generated using ‘kidney’ as a keyword, the system searches for the
database entries containing other words, namely, parts of kidneys, such as 'kidney cortex'| 'tubules' |'glomerulus' |‘proximal
convoluted tubules'. The entries where the expression level in organs are marked as 'nonelundetectable’, that is, the
expression in this organ was studied and found to be close to zero, are excluded. Overall, 120 of such genes were found in
the TRRD database (Fig. 3).

Such retrieval system is convenient for the user and allows a set of tissue-specific genes to be formed easily.
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The developed approach to organization of retrieval system offers great opportunities for using the TRRD database while
solving particular biological problems. Further development of the retrieval system is in progress. It includes developing
hierarchically ordered thesauruses for two additional fields: external stimuli and transcription factors. These thesauruses will
be available at the TRRD www-site in the nearest future. This will allow users to search for the genes regulated by certain
external stimuli and transcription factors.

In addition, we are developing a modified version of the retrieval system that would search for the genes whose expression
meets simultaneously several conditions, namely tissue-specificity, ontogenetic stage, external stimulus, and transcription
factor.

The work was supported in part by the Russian Foundation for Basic Research (grants Ne 00-07-90337, 00-04-49229, 00-
04-49255, 01-07-90376, 01-07-90084, and 02-07-90359); Russian Ministry of Industry, Science, and Technologies (grant
Ne 43.073.1.1.1501); Siberian Branch of the Russian Academy of Sciences (Integration Projects Ne 65 and 66); US National
Institutes of Health USA (grant Ne 2 R0O1-HG-01539-04A2), and US Department of Energy (grant Ne 535228 CFDA
81.049). Authors are grateful to 1.V.Lokhova and L.V.Katokhina for bibliographical support, and to G.B.Chirikova for
translation of the paper into English.
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Motivation: Statistics for the number of occurrences of a set of words has numerous applications and a great interest arose
recently (van Helden, 1998; Hampson et al., 2002; Reinert et al., 2000; Régnier, 2000; Apostolico et al., 1999). The
underlying assumption is as follows: a biological function that is enhanced or avoided is associated to a word, or a set of
words that is overrepresented-or underrepresented-. This regulatory signal can be for example a protein binding site. We
provide below a brief formalization of the main issues addressed in biological applications, that we classify into two main
classes.

Exceptional words in long sequences One studies a long text-typically, a genome- and assumes a probability model on it.
The goal is the extraction of exceptional words -either overrepresented or underrepresented-. To achieve this goal, one
needs an algorithm that searches for candidate motifs and mathematical tools to assess statistical signicance of these
candidates. A recent survey on algorithms can be found in (Lonardi, 2001; Marsan, 2002).

Set of independent identically distributed sequences A set of sequences is given. These sequences are relatively short,
generated independently according to a common distribution, but may have different lengths (van Helden, 1998). One
looks for exceptional signals, a word H, or a set of words H. One counts the number of sequences where H, or H, is
actually observed and compares this number with its expected value. A typical example is the characterization of
polyadenylation signals in human genes (Beaudoing et al., 2000). This scheme underlies the software RSA-
oligonucleotides of van Helden (van Helden et al., 1998). An important related problem is the alignment of two (or more)
sequences.

Results: In both cases, one needs a probability model on the input texts. Different background probability models are
discussed in (Hampson et al., 2002). In this paper, we assume that the model is Markovian, or Bernoulli. We derive new
tractable formulac and provide efficient algorithms that actually compute them. We also discuss widely used
approximations. We state their validity domains and occasionally extend them. We discuss the critical domains -or phase
transition phenomena- that are observed (Blanchette, Tompa, 2001; Robin, Schbath, 2001; van Helden et al., 1998 and
suggest a few solutions.

Large Sequences

In this section, we concentrate on the statistical signicance of word avoidance or overrepresentation in a large sequence,
typically a genome. We assume that this sequence is randomly generated according to a Bernoulli or Markov model. The
distribution of the number of occurrences of a given word H (or, possibly a given set of words H) has been studied by
various authors (Pevzner et al., 1989; Bender, Kochman, 1993; Régnier, Szpankowski, 1997; Régnier, 2000; Reinert et al.,
2000). Notably, the expectation and the variance V (H) have been extensively studied. It is well known that the number of
occurrences converge in distribution to a normal law. Still, this does not provide valuable information on the so-called P -
value. Nevertheless, our combinatorial results on the distribution allow to prove (Denise et al., 2001; Denise, Régnier,
2002):

Theorem 1 Let H be a given pattern, and P(H) be its probability of occurrence. Let a be a real number such that a > P(H).
Then:

log Prob(NH >= na) /n ~I(a) ; (1)

where

_ D(z,)
I(a) = alog(—D(za) vz o 1) +logz, )
D(z)=(1-2)A(z)+ P(H) 7" ©)

and z, is the largest real positive root satisfying 0 <z, <1 of
D(z)* (1 + (a-1)2)D(2)- az(1-2)Dy (z) = 0 (4)
A similar result holds for avoided words (Vandenbogaert, 2002).
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Approximation Quality

A more precise result is established in (Denise, Régnier, 2002). E.g.

P rob(NH > na) ~1 / 6, , ¢ "@*®

where §,and o, are some functions of a and z,. It turns out (Denise et al., 2001) that this expression is very close to the
exact expression computed by the software Excep (Klaerr-Blanchard et al., 2000). Still, as the computation reduces to the
numerical solution of a polynomial equation, this computation is much faster and numerically very stable. As a matter of
fact, the possible range for the length n of the text and the probability P(H) is much larger. Applications to avoided words -
restriction-modication systems for bacteria- can be found in (Vandenbogaert, 2002; Vandenbogaert, Makeev, 2002).

This can be compared to some common approximations for the p-values, e.g. the p-values computed for the normal law
with mean P(H) and variance V (H) or for the (compound) Poisson distribution. First, we point out that similar results
(Dembo, Zeitouni, 2002) are known for these laws, that allow to skip tedious computations. When a P(H) is not too large,
a local development proves theoretically that the Poisson approximation (or the compound Poisson approximation) is

much tighter than the normal approximation, a fact that was experimentally observed for some ranges of n and p in
(Reinert, Schbath, 2001; Nicodéme, 2001).

In this context, one searches for a signal (a word H, possibly with errors, a structured motif) that occurs in a set of L small
sequences more often than expected. Typically, these sequences are upstream regions of (possibly co-regulated) genes.
One proceeds in two steps:
(1) compute for a given signal, say a word H, the probability p that it occurs at least once in the text;
(i) compute Py (k), the probability that k out of L sequences contain the motif at least once.
When the p-value Py (k) is very small, one concludes that the extracted signal is relevant.
Poisson approximation A very common approximation (Buhler, Tompa, 2001) for p is:
p=1-(1-P () ™"
where n is the size of the sequence. It has been observed by many people (van Helden et al., 1998) that this approximation
is bad when H is a self-overlapping word. We point out here that combinatorial results on words [Gonnet and Odlyzko
1981, Régnier2000] allow for an exact computation of p. E.g, 1-p is the n- th coefficient of z" in the Taylor development
of Au(z) /D(z) . Practically, when n is small, this is easily computable by a symbolic computation system and it turns out
that the Poisson approximation is rough. When n is larger, combinatorial analytics allow to show that p~ 1-¢ ™'°# where p
is the smallest real positive root of D(z) = 0. It is easily checked that p~P(H) /Ay (1). The approximation

_ 1 nlog(1+ P(H) AH (1)) -n P(HYAH (1)
p=1-e ~1-e
is very tight.
Our main observation here is that PL (k) is the tail distribution of a Bernoulli process. Hence, it is known (Dembo,
Zeitouni, 1992; Waterman, 1995) that PL (k) = ¢ ™ with A =k /L and

a
I(a)=alog ——— (6).

(a) & Lpa (©)
This approximation is very tight and was recently implemented in RSA-t00ls.

Conditional Expectation

The overrepresentation -or under representation- of a signal modifies the statistical properties of the sequence. It is
valuable to eliminate artefacts of a strong signal in order to extract a weaker signal. It is also of interest to cluster similar
motifs in a single degenerate signal.

Theorem 2. (Denise, Régnier, 2002) Let H and F be two patterns with probabilities of occurrence P(H) and P (F). Let Ay
(z) and Agy (2) be their correlation polynomials. Assume that k occurrences of H are found in the text, with a = k/n, a >
P(H). Then, the expected number of occurrences of F, knowing that H occurs k times is:

E(F/NH =k) ~nv(a)

where

V(a) =7 [(1'Za ) AHF (Za ) +P (F) Zam][(l' Za) AFH (Za) + P(H) Zam ] /(D(Za)(D(Za) + Zy '1)):

We briefly present below two applications. Similar problems are studied in (Blanchette, Sinha, 2001).

Polyadenylation In (Beaudoing et al.), short (around 50 bp) upstream regions of EST of human genes are searched for
polyadenylation signals. The largest Z-score is assigned to AAUAAA, that actually is the dominating signal. The
computation of a Z-score using E(FFAAUAAA) as the new expected value for each pattern F drastically reduces the Z-
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scores of artefacts AUAAAN and NAAUAA and assigns the 2-nd rank in Z-scores to AUUAAA, that actually is the
second (weak) signal (Denise et al., 2001).

Arabidopsis thaliana RSA-tools was “blindly" used on upstream regions of Arabidopsis thaliana, by M. Lescot. In one
test, the two highest Z-scores were assigned to H = ACGTGG and F = CACGTG. The number of occurrences were NH =
32 and N F = 52. The conditional expectations are: E(H/F) = 24 and E(F/H) = 20. Our conclusion is that H is better
explained by F than F is explained by H. This leads to chose F = CACGTG as the significant signal, although its Z-score is
smaller. As a matter of fact, the biological knowledge confirms that F is the regulatory signal.

It is an interesting challenge to derive the rate function for a set of consensus words, or degenerated words (IUPAC code).
The degree of the polynomial equation to be solved is proportional to the number of words. Still, it is likely that it can be
kept down by a suitable use of combinatorial properties of consensus words (Clément et al., 2002). One can also extend
the approximation (5). An other interesting issue is the derivation of the conditional expectation when a set of words is
overrepresented. As above, one expects a simplification of the formulae for consensus words. Finally, it is worth
extending (6) for sequences of different lengths.
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Motivation: PhoH protein is a putative phosphatase belonging to a phosphate regulon in Escherichia coli.

Results: Positional coupling of this gene in different groups of bacteria indicates its involvement in phospholipid
metabolism. The regulatory site discovered upstream of phoH paralog ylaK in Actinobacteria links this gene to a regulon,
which includes enzymes of fatty acid beta-oxidation.

Introduction

The function of one of the members of the phosphate regulon in E. coli, phoH, is still undefined, although PhoH was shown
to possess phosphatase activity (Kim et al., 1993). In Bacillus subtilis, this gene is located in one locus with the gene
encoding diacylglycerol kinase (Kim et al., 1997).

Materials and Methods

Multiple sequence alignment was constructed using the CLUSTALX program (Thompson et al., 1997). Phylogenetic tree
was constructed using the PHYLIP package program PROML (maximum likelihood method) (Felsenstein, 1996).
Positional analysis of phoH orthologs in different groups of bacteria was made using ERGO database (Overbeek et al.,
2000). The recognition profiles (positional weight matrices) were constructed using aligned samples of experimentally
verified sites. The positional nucleotide weights in these profiles were defined as (Mironov et al., 1999):

W(b,k) = log [N(b,k) +0.5] 11 0.25 1. log [ N(i,k) + 0.5 ] @)

i=A,C,G,T
where N(b,k) denoted the count of nucleotide b at position k. The score of a L-mers candidate site was calculated as the sum

of the respective positional nucleotide weights:

Z(b,..b)=3%_, | Wb, k) @)

The comparative approach to the analysis of transcriptional regulation in bacterial genomes is based on the assumption that
sets of genes regulated by orthologous transcription factors are conserved in related genomes. Thus the candidate sites
occurring upstream of orthologous genes are true, whereas false positives are scattered at random. Unique members of
regulons may be lost, however, use of additional genomes decreases the number of “orphan” regulon members.ReSUItS

k=1..L

Sequences of proteins similar to BS-PhoH and BS-Yl1aK (close homolog of PhoH) were aligned and a phylogenetic tree
was constructed to distinguish orthologs of these two proteins. PhoH orthologs were found in 76 organisms including many
Gram-positive and Gram-negative bacteria. BS-Y1aK orthologs were found in 41 organisms.

A conserved locus containing phoH as well as six another genes was identified. The list of genes found in the phoH loci
includes:

1. miaB encoding protein involved in methyltiolation of isopentenylated A37 derivatives in the tRNA (in 30 Gram-negative
organisms).

2. ygfF encoding possible metal-dependent phosphohydrolase (in 9 organisms, mainly Gram-positive bacteria).

3. yqfG encoding conserved protein with unknown function (in 55 organisms).

4. dgkA encoding diacylglycerol kinase (in 11 organisms, mainly Gram-positive bacteria).

5. ybeX encoding CBS domain-containing protein (in 33 organisms, including Gram-negative bacteria and Actinobacteria).
6. era encoding GTP-binding protein ERA (in 13 organisms, mainly Gram-positive bacteria).

7. Int encoding apolypoprotein N-acyltransferase (in 24 Gram-negative organisms).

Search for possible regulatory sites upstream of ylaK orthologs revealed a conserved 18-bp pseudopalindrome in
Mycobacterium tuberculosis, Mycobacterium bovis and Thermomonospora fusca. An iterative signal search procedure was
applied to the genomic sequences of M. tuberculosis and T. fusca using PSI-SITE program. First, a recognition rule was
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generated using all three initially identified sites. Second, ten best sites were selected in each genome and used for
generation of new organism-specific recognition rules. Third, these recognition rules were applied to appropriate genomes
and sites scoring at worst 10% below the highest possible value were selected (Table 1).

All genes identified in M. fuberculosis and M. bovis seem to be orthologous. Among genes identified in 7' fissca, only
RTFU00810 and RTFU00852 have orthologs in M. tuberculosis and M. bovis. RMB00348 and RMT05630 (orthologs of
RTFUO00852) probably are not co-regulated with ylaK orthologs.

Some of the identified genes seem to be co-transcribed with other genes. Thus, RMB00929 and RMT05592 are probably co-
transcribed with RMB00928 and RMT04295 respectively, the latter encoding the alpha subunit of the fatty oxidation
complex. RTFU02009 probably forms an operon with RTFU02062 that encodes short-chain precursor of Acyl-CoA
dehydrogenase.

Then, potential regulatory sites were identified in M. tuberculosis and T. fusca using the same recognition rule with a lower
cutoff. Genes having candidate sites upstream of orthologous genes were selected. Six pairs of genes (in addition to the
ylaK orthologs) were identified (Table 2).

Table 1. Members of the ylaK-related regulon with strong candidate sites.

ERGO Alias Proposed function Site Site Site sequence Orthologs
database positio scor
name n e
Mycobacterium bovis
RMB00929 None 3-ketoacyl-CoA thiolase (EC -74 4.75 GGTgCCGGTaCgGGaCCT RMT05592
2.3.1.16)
RMB02442 BS- PhoH protein homolog -87 5.05 aGgACCGGcCCCGGTCCT RMT04260, RTFU00810
ylaK
RMB04839 None Unknown -106 4.75 GGTAgCGGcaCCGGeCCT RMT06543
Mycobacterium tuberculosis
RMT04260 phoH2 PhoH protein homolog -87 5.05 | aGGACCGGCCCCGGTCCT RMT04260, RTFU00810
RMT05592 fadA 3-ketoacyl-CoA thiolase (EC -76 4.75 | GGTGCCGGTACGGGaCCT RMBO00929
2.3.1.16)
RMTO06543 None Unknown -104 475 | GGTAgCGGCACCGGCCC RMB04839
T
Thermomonospora fusca
RTFUO00810 None PhoH protein homolog -68 529 [ GGGGCTGGTCCCGGTCC RMB04260
-89 4.93 T
GGGGCCGGTCCCGGLCC
T
RTFU00852 None Unknown -133 493 | ¢cGGTCCaGCCCCGGTCCT RMB00348, RMT05630
RTFU01955 None Unknown -172 493 [ GGGGtCTGCCCCGGTCCC
RTFU02009 None Acyl-CoA-dehydrogenase -60 4.75 cGGGaCGGCCCtGGTCCT

Table 2. Members of the ylaK-related regulon with conserved candidate sites.

Gene name Alias Function Site Site Site sequence
position score
RMT04264 Rv1099¢ GlpX protein 3 3.27 GGagCtGGTCCgGGTgac
RTFU00821 15 3.55 cGetCCGGTaCCGaTCCe
RMTO00211 Rv2205¢ Glycerate kinase -55 3.62 GGggCCGGeaageGaCtT
RTFU00282 -62 4.19 GtGaCCGGcCCCGeTCCe
RMTO01107 proA Gamma-glutamyl phosphate 6 3.35 c¢GTgCCaGeaCCGtecgCa
RTFU00343 reductase (GPR) (EC 1.2.1.41) -17 3.43 GGGtgCGGeCCCGeaCgT
RMTO01470 suhB Extragenic suppressor protein -139 3.90 GGggCCGGTgCtGGTCaT
RTFU02892 SuhB -1 3.63 GtGaCCGtTCCCGaTCCg
RMTO06072 fadE34 Acyl-CoA-dehydrogenase -243 3.60 GGgAgCGcTaCtGGTgtT
RTFU02009 -60 4.75 cGGGaCGGcCCtGGTCCT
RMTO03872 recR Recombination protein RecR 9 3.93 GGgACCcGTCCaGGaCCT
RTFU00514 -66 3.33 aGGGtCctcaCCGGTtCe
Discussion

Positional analysis of phoH gene suggests several possibilities of the pathways it can be functionally linked to. It seems
likely that phoH is functionally related to transformations of diacylglycerol released during biosynthesis of cell wall
components. One way of this transformation can imply further phosphorylation by diacylglycerol kinase, whose gene is
tightly coupled to phoH, and phosphatidate kinase. Phospholipid degradation/turnover also can be a possible functional link
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to the phoH gene cluster. Glycerol and fatty acids can be released in this process and catabolised as a source of carbon and
energy. According to our data, ylaK can be a member of a regulon related to fatty-acid beta oxidation or glycerol catabolism
in Actinobacteria. Among enzymes likely to be co-regulated with y/aK in Actinobacteria, there are components of the fatty
acid oxidation complex, acyl-CoA dehydrogenase and glycerate kinase. g/lpX, a member of the glycerol 3-phosphate
regulon in E. coli, also seems to be co-regulated with y/aK. We are unable to define the exact functions of proteins encoded
by the phoH-related cluster, though we made several general predictions. We hope that our data can be used as a starting
point in experimental follow-up.
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Motivation: The paper describes a method of transforming existing sequential algorithm of regulatory signal search into a
parallel version suitable for contemporary parallel computers supporting MPI protocol. This parallel implementation of the
algorithm does not strictly bounded to the number of available processors and features a linear dependence of calculation
speed on the number of processors.

Results: The algorithm allows biologists to investigate bigger sets of genomic sequences than they can study earlier. That
has been proved in real experiments with the parallel algorithm carried out on teraflops parallel supercomputer at JSC of
RAS.

Availability: The software is available on request from the authors.

Introduction

The problem of searching a regulatory signal in a set of assumed regulatory domains (sequences of nucleotides) is well-
known. For its solution various sequential algorithms were proposed. In particular, the algorithm described in (Danilova,
Gorbunov et al., 2001) was effective for many natural samples. To solve the problem, powerful computing systems
sometimes are required that mean parallel computers in practice. The role of such systems in computational genomics is
expected to increase because they enable considering tasks and data dimensions that are impossible to analyze by existing
sequential architectures in principle. So it is desirable to consider possible ways and methods of transition from consecutive
algorithms to their parallel versions using as example some problems important for genomics. The parallelization is known
to be nontrivial in many cases. We succeed in the transition for several algorithms, and consider here this subject as applied
to the mentioned consecutive algorithm. Specifically, we have developed effective parallel algorithm for searching
regulatory signals. Detail results of its application to natural and artificial samples (including comparison with those of
consecutive algorithms) are being published in the online magazine Informational Processes at http://www.jip.ru.

Difficulties of parallel implementation

Parallelization of the existing algorithm is complicated with two factors which are typical for many algorithms in genomics:
cyclic (i.e. consecutive) structure of the algorithm and the model of the shared memory it is implicitly based on. The latter
complicates interchanging data in the multiprocessor system. Actually, the majority of modern parallel computers divide
random access memory more or less equally among processors interfacing each with other via internal network. The
communication is normally accomplished by short messages conforming to e.g. MPI standard. Apparently, this method of
data sharing is more time-consuming than direct access to the shared memory. Now we shall discuss the first of the
mentioned difficulties.

Our sequential algorithm has a structure outlined in Fig. 1. Here each repetition of the loop seeks for quasioptimal solution
of the problem for some fixed way of numbering initial nucleotide sequences. For brevity this way of numbering we call
permutation, and process of the problem solving will be called assembling of the given permutation. Once a permutation
has been assembled, the algorithm generates next permutation, and so on. The optimal solution would be the best one found
from all possible n! permutations, that is of course unattainable.
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_’| Generation of permutations |

v

Permutation

v

Assembling Fig. 1. Source algorithm.

Really we choose a termination condition of the loop so that the solution obtained from checked permutations would be
close to absolute optimum in terms of some fixed functional of quality. For that we proposed two principles and two
corresponding conditions of the algorithm termination. The first principle takes into account quality of the found signal and
relative contribution of each sequence to joint quality: the more valuable site of the signal a sequence gives, the smaller
serial number it has in the next permutation. Another principle takes into account completeness of covering the set of
sequences by the principal edges of G tree which controls consecutive dichotomy of this set in that sequential algorithm.

The main burden of calculations (and, therefore, operating time of the algorithm) fall to the assembling phase. Since this
block is located inside a loop (see Fig. 1), one can see the only opportunity to parallelize the algorithm: to perform parallel
calculations inside the block. Though possible in principle, the assembling process is hardly scalable: vector-like data
structures correspond to consecutive dichotomy of the set of source sequences. So dimension of a vector becomes rigidly
connected to number n of sequences, and besides changeable at different levels of G tree, i.e. stages of assembling. In
addition, time of computation for separate elements of such vector (i.e. sequence pairs) may vary over a wide range. But we
need to wait until the slowest component complete prior to process the next level of the tree. Thus, an attempt to rigidly
fasten separate stages or similar elements of assembling to processors would not be time effective, nor allow us to use all
available processors and balance their workload. We come to necessity of essential changes in the very logic of consecutive
algorithm.

Two-dimensional list of permutations and wavelike scheme of computation

When looking at algorithm (Danilova et al., 2001) as an optimization of given functional of quality, one can observe the
following analogies. Each permutation is similar to a point in the space of optimum search, and assembling leads to the
result similar to calculation of the functional value in this point. The consecutive algorithm is capable to generate points of
two kinds corresponding to abovementioned principles. Namely, the second principle of coverage maximization provides
new base points to search global optimum (we need them as we have no information on geometry of a response surface).
And with the first principle we aspire to reach the best local solution, starting at the chosen base point.

The general idea of proposed parallelization method is that all available processors of the parallel computer system (except
for one root processor) every moment are engaged to local optimization, each one starting at its own base point. All data
necessary to apply the first principle are kept in local memory of the processor in charge. The dedicated root branch receives
only results of local calculations (recognized signals along with their quality data). On completion of local optimization (this
process we call extension), released processors receive new base permutations, and so forth. Termination criterion of this
algorithm will be exhaustion of entire set of the base points generated with use of the second principle (maximum
coverage), provided that all parallel branches finish their computations.

To implement this idea we shall generate not a straight queue of permutations like in consecutive algorithm, and the two-
dimensional <P, 0> list (see Fig. 2). Its backbone is P-/ist of permutations Py, P,,..., P, composed in the beginning of the
algorithm; the length k of this list is determined by a desirable coverage degree of the set of base points. For example, if we
demand that each pair of source genomic sequences appears at least once as principal edge at the upper level of G tree, i.e.
these sequences fall into different halves at the very first dichotomy of entire set, then, obviously, k = n (n-1):2.
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Py
Ok

O Fig. 2. <P, 0> list of permutations and assembling order.
2

Further, each element of the P-list initiates so called Q-/ist corresponding to the process of extension mentioned above.
These Q-lists are being constructed dynamically during work of the algorithm. Specifically, after the analysis of quality of
the signals already found in i-th O-list (including its root P;), the list either proceeds with a next permutation Q;; or
terminates (that is symbolically denoted by asterisk in Fig. 2). In the latter case the processor earlier serving i-th O-list is
released and takes the next unprocessed element of P-list, extending from it a new Q-list.

It is easy to see that in such two-dimensional set of permutations parallel processing is conducted like a computing wave
propagating from the left top corner of the structure in a downward direction and to the right until whole <P, 0> list is
processed. For the sake of simplicity Fig. 2 shows successive positions of the wave front for two processors working in
parallel and with the assumption of constant duration of assembling any permutation, however one can easy imagine this
algorithm in general case.

From the parallelization efficiency point of view the described scheme has many advantages from which we shall note three
the most important: (1) it allows to put into operation at once the multitude of processors (at least as many as is the length &
of P-list); (2) all secondary branches work on the same algorithm assembling their given permutations irrespectively of
other branches; and (3) low-intensive data exchange between each of secondary branches and root branch of the algorithm:
a permutation itself towards the secondary branch (n values), and found signal along with a quality of each its word (2n
values) towards the root branch.

These advantages allowed us to create the parallel algorithm independent of any specific parallel computer and number of
available processors; the only prerequisite is that the computer complex supports MPI standard (at least the first edition).
We also avoid using shared memory due to move criteria checking and permutation generation to the single root branch.
The only common data (a matrix of pair-wise proximities of all words from all sequences) is unchanged during work of the
algorithm, so may be calculated and stored simultaneously in all parallel branches.

Implementation and Results

The described parallel algorithm of regulatory signal search has been implemented as 32 bit console application written in
ANSI C. It may be compiled by e.g. gcc, pgee, Borland C++ 5.02 compilers without any modification, and works in
Windows 9x/NT4/ME/2k/ XP and Linux environments. Debugging and initial testing of the program were carried out on
PCs with use of WMPI 1.54 software by Critical Software. Real experiments are being performed now on MBC1000M
supercomputer in the Joint Supercomputer Centre of RAS et al. Results obtained for artificial and real examples show high
efficiency of parallelization in the algorithm: busy time ratio of secondary processors equal 94-96%. Experiments also
confirm theoretically predicted linear dependences of assembling time on number of source sequences (Fig. 4) and
computation speed on number of available processors (Fig. 5). We could not recognize any tendency of deceleration this
linear growth of performance.
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Fig. 4. Assembling time as a function of number of sequences. Fig. 5. Linear growth of parallel algorithm performance (n=14, m=200, /=20).
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There exist numerous algorithms for identification of regulatory signals in unaligned DNA fragments. Here we present a
genetic algorithm for signal identification, describe its implementation and testing on simulated data. It is the first
application of genetic algorithms in this area.

Introduction

The existing algorithms identification of regulatory sites can be divided into optimization and combinatorial ones. The
former class includes greedy algorithms, expectation-maximization, DMS, MEME; and also stochastic algorithms:
simulated annealing and the Gibbs sampler. The combinatorial algorithms are Conslnd and Matlnd, WORDUP,
CONSENSUS, WINNOWER pattern, graphs, and numerous other algorithms.

The genetic algorithm suggested here can be considered as the optimization one. We believe that it works faster then other
stochastic algorithms of comparable recognition power.

Description of Algorithm

The following abstract concepts will be used (to avoid confusion with standard biological terms, they will be italicized):
genome, gene, allele, quality of genome, population, crossing, selection and mutation. Consider set of DNA fragments.
Each fragment corresponds to a gene, and each position, specifying a candidate site, is an allele. Thus a set of candidate
sites, one in each fragment, generates a set of alleles, that is, a genome. Each genome is characterized by its quality, defined
as the information content of the respective set of sites. At each step the algorithm processes population, that is a set of
genomes, and performs the following operations:

Crossing: select at random a pair of genomes and generate new a one:

Genomel : Si,Ss, oo Sk Siiy -..Sy
Genome2: T, Ty, ... Ty Ty ... Ty
New genome: Si, Sy, oo S Tiry ... Ty

Position k of the cut is given by the random uniform distribution.
Selection: Delete the genome with the lowest quality.

Mutation: Select a random gene in a random genome and change the current allele to a random one. It is equivalent to
selecting a random site in the corresponding fragment.

These steps are iterated for some fixed time.

Results and Discussion

Each test file contained ten fragments of length 200. The signal was a fixed word of twenty nucleotides. The sites were
modeled by introducing some mismatches into the signal word and then inserting the resulting word into the sequence
fragments at random positions. The number of mismatches varied f