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ABSTRACT interactions and networks, to query and manipulate them, is
) ) slowly being recognized as an essential need for biologists
FlyNets  (http:/gifts.univ-mrs.fr/FlyNets/FlyNets_home_ studying gene regulation and function. From a more general point
page.html ) is a WWW database describing molecular of view, integration of the structure and function of individual
interactions (protein—DNA, protein—-RNA and protein— genes, RNAs and proteins with the knowledge of macromolecular
protein) in the fly  Drosophila melanogaster. It is interactions and networks in model organisms and in humans is
composed of two parts, as follows. (i) FlyNets-base is an important step towards the construction of a unified and
a specialized database which focuses on molecular physiological view of the organism. Three major types of
interactions involved in  Drosophila development. The interactions, i.e., protein-DNA, protein-RNA and protein—
information content of FlyNets-base is distributed protein interactions, account for the great majority of known
among several specific lines arranged according to a biological macromolecular interactions. Several general data-
GenBank-like format and grouped into five thematic bases exist for each of the three types of informational macro-
zones to improve human readability. The FlyNets molecules (DNA, RNA, proteins), such as GenBankEMBL
database achieves a high level of integration with other (2) and DDBJ 8) databases for DNA and RNA sequences,
databases such as FlyBase, EMBL, GenBank and SWISS-PROT 4) and PIR ) databases for protein sequences
SWISS-PROT through numerous hyperlinks. (ii) FlyNets- and the PDB databass) (for molecular 3D structures. Many
list is a very simple and more general databank, the more specialized databases exist for specific families of genes,
long-term goal of which is to report on any published RNAs and proteins (see this issudNoicleic Acids Researdbr
molecular interaction occuring in the fly, giving direct an up-to-date collection of such databases). As has been more
web access to corresponding abstracts in Medline and extensively discussed previousl§),( data describing known
in FlyBase. In the context of genome projects, data- specific molecular interactions between genes, RNA and proteins
bases describing molecular interactions and genetic are under-represented in these databases and difficult to query.
networks will provide a link at the functional level Therefore, in order to adequately describe and study interac-
between the genome, the proteome and the transcrip- tions, the development of new computer tools is necessary,
tome worlds of different organisms. Interaction data- among which that of powerful and up-to-date interaction
bases therefore aim at describing the contents, struc- databases is probably one of the most urgently needed. In 1995,
ture, function and behaviour of what we herein define we published on the web the GIF-DB database, a prototype for a
as the interactome world. Drosophilainteractions database and, since then, other tools and
databases have been proposed by our grotgd. (More
INTRODUCTION recently, other people have also developed databases which aim

at describing interactions and networks involved in signal
All known biological processes are controlled by direct andransduction pathwaysl@,11) or in transcriptional regulation
specific molecular interactions, involving DNA, RNA and (12-14). The yeast protein database YPD now also reports many
proteins. These interactions form complex genetic interactigorotein—protein interactiond ).
networks which are capable of responding to both external stimuliln this paper, we describe the concepts, organization, contents
and stresses and also to internal changes occurring withand recent developments of FlyNets, a database which focuses on
components of the network. Being able to formally describBrosophila melanogastenolecular interactions. To the best of
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our knowledge, FlyNets is the only example where proteinwhatever the organism being considered: protein—~DNA interac-
DNA, protein—-RNA and protein—protein interactions are detions, protein—RNA interactions and protein—protein interactions.
scribed in the same database, using a unified description scheme.

THE FlyNets DATABASE

BIOLOGICAL ASPECTS OF MOLECULAR Purpose and leading concepts of FlyNets
INTERACTIONS AND GENETIC NETWORKS We are interested in the process of pattern formation in

Drosophilaand in understanding the basis of specific identity

Molecular and genetic interactions are classical biologicalcquisition by the different body partss¢18). In order to help
concepts, which are sometimes mistaken. Molecular interactions in the description of specific developmental interactions, the
imply a direct, physical contact between two molecules (for thg|F-DB (Gene Interactions in the Fly Database) and then the
purpose of this paper, only DNA, RNA and protein molecules wilFlyNets databases have been develofed). (FlyNets-base is
be considered). Many different experimental approaches hawew officially the successor of GIF-DB which will no longer be
been developed in the last 20 years which can help to demonstra¢gessible after March 1, 1999. FlyNets has the same general
that two molecules are interacting and that this interaction isbjectives as GIF-DB: it is a WWW database which aims at
biologically relevant. providing a repository for data on gene interactions involved in

The concept of genetic interaction is different: it is based on Brosophiladevelopment and the regulatory networks in which
genetic approach and is used to say that two genes are likely tathéy are involved. FlyNets also shares with GIF-DB the main
in the same biological pathway. Genetic interactions can be eitheading concepts and specific goals which are: (i) to propose a
direct interactions (as described above) or indirect ones, Whi@ﬂnple but efficient way to represent the various and complex
are usually interpreted as a combination of several direghowledge on molecular interactions vosophila develop-
interactions, in which one or more intermediary gene(s) angent; (ii) to attain a high level of integration with other databases;
propagating information from one studied gene to the other. (jii) to classify all molecular interactions in one of the three major

Understanding genetic interactions and describing them fateraction types (protein-DNA, protein-RNA or protein—pro-
terms of networks of direct biological interactions has long beefgin interactions); and (iv) to define a generic mode of interaction
and still presently is, a great biological challenge. The concept afpresentation which could potentially be used for the description
interaction network, although it has very often been used in thg nearly any gene interaction, whatever the biological process
scientific literature, is still awaiting a precise and widely acceptegind the organism in which they occur may be.
definition. We view a genetic interaction network as a combina- In line with previous biological considerations, all molecular
tion of molecular interactions, the understanding of the structuigteractions in the FlyNets database are described as binary
and function of which will be essential to face another biologicahteractions (i.e., interactions occurring between two molecular
challenge: the understanding of the relationships between gefgartners). Any complex interaction which involves more than two
types and phenotypes. partners (interaction between a DNA sequence and several

It will also be essential in the future to consider interactions angifferent transcription factors, or between several proteins into a
regulatory networks at the level of a complete genome. Onfultimeric complex, for instance) will therefore be described
possible new way to look at genomes is to consider that a cruci@ling several binary interactions. Since analysis of genetic and
aspect of their function is to code for products which arenolecular interactions usually involves the study of two entities
programmed to establish specific interactions. According to thigt a time, this binary point of view also fits well with our current
view, the total number of genes of an organism is less importa@kperimental approaches.
than the complete repertoire of interactions potentially encodedThe differences between GIF-DB and FlyNets-base are at the

by its genome (the interactome). Indeed, a small difference in thevel of the entry format and will be discussed in the next
number of genes between two organisms could be sufficient §b-section.

cause a large increase in the number of interactions (and hence a
larger organizational complexity of_ the o_rganism), prc_)vided t_haé)atabase organisation and entry format
the ‘new’ genes code for proteins with a large interaction
potential. It is our belief that important progress in our preserithe GIF-DB and FlyNets databases are collections of hypertext
knowledge of interaction networks and of the interactome affde entries in which each entry belongs to one of the interaction
essential to understand how gene functions and regulations afasses defined above and describes an interaction between two
integrated at the level of an organism. molecular partners. FlyNets-base is an annotated database which
One essential aspect of this study of gene regulatory networtees not contain any primary raw data. Scientific data concerning
lies at the basic level of collecting and describing moleculaspecific interactions are extracted from the literature, verified,
interactions and genetic networks. In order to do so, precig®mpiled and entered into a relational database built using the 4D
definitions and classifications of molecular interactions ar®BMS (ACI inc.) on a Macintosh computer (F.Horn, M.Imbert
needed. Our working definition for a gene molecular interactioand B.Jacq, unpublished). The HTML files constituting FlyNets
is the following: there is a direct molecular interaction betweeare then automatically generated from this database.
gene A and gene B if gene A or one of its products (i.e., mMRNA Information in FlyNets entries has been arranged into a
or protein) physically interacts at the molecular level with gen&enBank-like’ model format. Each entry is composed of lines
B or one of its products (MRNA or protein). Among the sixand different types of lines (each having its own format) are used
different molecular interaction types which could then theoretito record the various types of gene interaction information which
cally be considered we have focused on three major types mfake up the entry. For the sake of clarity, the different linetypes
interactions only, which are by far the most documented onesg,a FlyNets entry have been arranged into five zones: the ENTRY



zone, the EFFECTOR zone, the TARGET zone, the INTER
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SWISS-PROT through numerous hyperlinks.

The two main differences between the former GIF-DB |
database and its successor FlyNets are the number of linetyy |
supported and the format of the line headers. A total of 3 |
linetypes (instead of 40 in GIF-DB) are presently supported. Th
comment line in FlyNets now regroups data which were presel
in several different comment lines in GIF-DB. This line is
organised in a similar way to the CC line in SWISS-PROT, ir
which different types of comments are arranged in as man
sub-comments. The second difference with GIF-DB is the forme

combs protin
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o put_dpp_P
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of linetype headers: each line in a GIF-DB entry started with :
two-character line code indicating the type of information ||
contained in the line (as is the case for EMBL and SWISS

0 FlyBase pefepence: FEADDE03E] | Medline UID: 9521 1540
o Cresed 01 Peb. 1555 (Release 1)

Apsieg]
PROT). Since several users of GIF-DB found it difficult to s R ¥ b
memorise the signification of a two-letter code for 40 linetypes o Ras oncogens at 850 (RastSD) EHEWE eniry] .
we have decided to adopt a different convention in FlyNets. Th — —_— =T

line headers now have a GenBank-like format and are explic..
words or group of words with a maximum length of 20 characters
(e.g., Iden.tlflcator’ creation date, target fun.cno.n’ authors, "')Fi ure 1. A portion of a page from Flynets-list. All interactions are
More details on the database general organization, entry formgghabetically ranked according to the name of the effector. For each interaction
and the different linetypes can be found on the on-line version afe abbreviation, the descriptor and type of the interaction, the bibliographic
FlyNets. Version 2.0 of FlyNets-base (January 1999) contains 8@ks in Flybase and Medline and the creation date are given. A color code
detailed interactions. Until November 1st, 1998, FlyNets-bas@!lows the user to grasp at a glance the molecular type of the interaction (pink:
. . . rotein—-DNA, green: protein—-RNA and yellow: protein—protein). New entries
was accessible from the list of entries only. Another way Ofi, ihe latest release are flagged by a logo (arrow).
accessing FlyNets data, through the use of a powerful search
program is now available (see recent developments below).

On February 1st, 1998, FlyNets-interactilist, a companion 1,
FlyNets (and now called FlyNets-list) was been loaded on tr‘@
GIFTS Server. FlyNets-list is aimed at providing a list of knowrhi
molecular interactions iBrosophila without any added informa- matching option is available (Fig).

tion, except hyperlinks towards  corresponding bibliographic ;- interactions in the database are linked together in the

references in Medline and Flybase. Version 1.0 of FlyNets—Interagénse that the target gene for a given protein—-DNA interaction

tilist (February 1998) contained 130 interactions and 170 assg,; instance) codes for a protein which is itself the effector of

ciated bibliographic reference links; version 2.0 (July 1998) \ o0 protein—DNA, protein—RNA or protein—protein interac-

contained 175 interactions and 280 bibliographic reference Iinkﬁon' Therefore, many genetic networks can be constructed using

The last update (FlyNets-list version 3.0, December 1998) contaijlzo actions described in FlyNets-base and/or FlyNets-list. In
210 interactions and 350 references. Version 4.0 is scheduled Her to obtain a graphical display of these interactions, we are

February 1999 and will contail40 interactions and 400 4eyeloning an interactive graphical network editor which will

reference links. In the long term, all developmental interactions E)on be interfaced with FlyNets. At the moment, interactions are
FlyNets-list will become FlyNets-base entries. An example Ofyanaily selected from the entire list of interactions and
interactions in FlyNets-list is given in Figute graphically displayed, using a color code for distinguishing
protein—protein, protein—~DNA and protein—RNA interactions.
Since genes (proteins) and interactions are defined as graphical
objects, the user can then manually arrange interactions in order
A powerful query search program has now been introduced to highlight one peculiar feature. A typical display from this
FlyNets. It allows searching for the occurrence of an ASCIkditor is given in Figur@ where genes, originally displayed along

aracter string entered by the user. The search can be performec
ther on the text of the entire database or in any one of the 31
fferent data lines of all entries. A complete or partial word-

Recent developments
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Figure 2. An example of a FlyNets-base query search and result. In the query window (front panel), the user has selected theatgpeniethérinteraction zone
and searches for sentences containing the word ‘blastoderm’. The result is presented in the back panel window. AlliEfynedschirtg the query are listed and
only comment lines are displayed. The full-length Flynets entries can be directly accessed through a hyperlink (in Blgegaed term is displayed in bold (arrow).

a circular circumference, have now been manually groupeate likely to bring new high-throughput data on protein—protein

according to their biological function. and genetic/physiological interactions, respectively. On the other
hand, going back to the scientific literature to extract specific
CONCLUSIONS AND FUTURE PROSPECTS knowledge on the thousands of already known interactions will

also be of crucial importance in order to integrate new knowledge
The different genome projects are presently providing us wittvith known results not yet explicitly described in databases. In
extensive catalogs of genes and proteins for several modbls respect, we are presently implementing new algorithms to
organisms. After the genomes from the most extensively studidglp extract pertinent information on interactions from texts,
organisms (both prokaryotic and eukaryotic) have been degelying either on advanced linguistic tools, completed with
phered, it will be essential to describe how and with whiclobject-oriented knowledge modeling capabilities (Preusl,
molecular partners the different genes, RNA and proteins from aabmitted) or on statistical methods applied to group of words
organism establish specific interactions, a knowledge whic{Pilletet al, in preparation).
cannot be simply deduced from their sequences or structures. IfOnce lists of interactions have been created, relying on
what is now called the ‘post-genome’ era, both new experimentekperimental data and/or text analysis methods as described
methods and new bioinformatics concepts and tools are needdbve, interaction databases are necessary to describe and quer
to gradually paint the complicated picture of biological pathwayghis functional knowledge. Databases such as FlyNets provide a
On one hand, new large-scale experimental methods such samiple and straightforward way to make functional links between
exhaustive two-hybrid screer®)] and DNA micro-arraysXl)  specific entries from different molecular databases. Such func-
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Figure 3. Graphic display of Flynets-base interactions. In the selection window (left panel) the user chooses from the comhétedittarfs those which will
be displayed. The resulting interaction network is then drawn in the graph editor window (right panel). The abbreviatetiengereed$ presented in boxes. Two
interacting partners are linked by an arrow, the color of which corresponds to the defined interaction classes (sead@iglritlegexample, genes have been
manually grouped by the user according to their biological function. Maternal, dorso-ventral, pair-rule and gap genesieet/resee top left, top right, bottom
left and bottom right parts of the graph.

tional links are a useful complement to the structural links Part of our data on interactions has now been included in
(present as database cross-references) already existing betwiéBitFE, an object-oriented knowledge base on interactions
many EMBL (or Genbank) entries and their SWISS-PROT (opresently under developmer®).(Such a base will allow us to
PIR-International) corresponding translational products. better cope with complex notions such as developmental stages,
Within the next few years, we plan to offer new possibilities irtissue-restricted gene expression or dynamic multi-protein com-
FlyNets. This will be done first through the addition of a few nevplexes which cannot be easily described in the context of a
linetypes and the adjunction of hyperlinks towards other data&ollection of flat hypertext files such as FlyNets. Our aim is to
bases such as the Irdetive Fly, a cyberspace guide to integrate all FlyNets data into KNIFE which will then become the
Drosophila genes and their roles in development (T.Brodycomputer tool through which FlyNets data will be entered and
http://sdb.bio.purdue.edu/fly/aimain/laahome.htm ) or TRANSqueried. Furthermore, the future integration in KNIFE of data on
FAC (12). Second, many new functionalities will be added to thenouse developmental genes orthologou®tasophila genes
interactions and networks graphical editor. New query tools willescribed in FlyNets will allow us to study interaction networks
be developed, allowing the user to select interactions accordifity an evolutionary perspective and analyze to what extent
to the biochemical structure, the functional class or the biologicAlomologous genes are working through homologous regulatory
role of the genes/proteins. It will also be possible to declare thaathways.
an ordered set of interactions define one regulatory pathway
which will be stored under a specific name (the _Wingles_s pathwamTERACTNE WWW ACCESS AND QUOTING FlyNets
the hedgehog pathway, the Toll pathway, .... just to cite a few).
When looking at a large number of interactions, such biologicd@lyNets can be accessed using the World Wide Web through
pathways will then be graphically highlighted, in order to analyzéhe GIFTS (Gene Interaction in the Fly Transworld Server)
the relationships between different pathways. WWW server in Marseille. The URL of the GIFTS Server is
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http://gifts.univ-mrs.fr/GIFTS_home_page.html . Using this server,3 Tateno,Y., Fukami-Kobayashi,K., Miyazaki,S., Sugawara,H. and

one can also access SOS-DG collection of annotated Gojobori,T. (1998Nucleic Acids Res26, 16-20.
D hil . E%%h(a h bindi ites f | 4 Bairoch,A. and Apweiler,R. (1998)ucleic Acids Res26, 38—42.
rosophilagene sequences, In which binding SItes 10r regula-g  gsrerw.c., Garavelli,J.S., Haft,D.H., Hunt,L.T., Marzec,C.R.,

tory prOteiUS are directly visible on the DNA primary sequence Orcutt,B.C., Srinivasarao,G.Y., Yeh,L.-S.L., Ledley,R.S., Mewes,H.-W.,
and hyperlinked to TRANSFAC database entries. Pfeiffer,F. and Tsugita,A. (1998)ucleic Acids Res26, 27-32.
In addition to giving access to these databases, the GIFTS Abola,E.E, Bernstein,F.C. and Koetzle, T.F. (1988) In Lesk,A.M. (ed.),

: : : omputational Molecular Biologygources and Methods for Sequence
server also provides services such as GIN, a series of annotatedinalysis Oxford University Press, Oxford, UK, pp. 69-81.

pages to help navigate on the Internet and BLASTUIa, & jacqB. HomF. Janody.F., Gompel,N., Serralbo,O., MohrE., Leroy,C.,
specialized service giving an integrated access to more than 60 Bellon,B., Fasano,L., Laurenti,P. and Roder,L. (190Wleic Acids Res
different BLAST analysis sites in the world. Many of these 25 67-71.

BLAST servers operate on collections of new DNA sequence$ EuzenatJ., Chemlia,C. and Jacq,B. (199Preweedings of the Fifth
International Conference on Intelligent Systems for Molecular Biology

from the different genome projects which are not yet integrated s xa| press. Menlo Park. CA pp. 108-119.
in the EMBL, GenBank and DDBJ general databases. Using Mohr,E., Hom,F., Janody,F., Sanchez,C., Pillet,V., Bellon,B., Réder,L. and

BLASTula therefore augments the probability of finding signifi-  Jacg,B. (1998Nucleic Acids Res26, 89-93.
cant hits with a queried sequence. 10 Goto,S., Bono,H., Ogata,H., Fujibuchi,W., Nishioka,T. and Kanehisa,M.

If you use FlyNets-base and/or FlyNets-list as tools in your gﬁ%g?ggoceedmgs of the Pacific Symposium on Biocompuping

published research work, please cite this paper. Comments and |garashi,T. and Kaminuma,T. (19Fpceedings of the Pacific
enquiries about FlyNets are welcome and should be sent to Symposium on Biocomputingy. 187-197.
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