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By isolating and sequencing genes and proteins, by identifying and studying individual
enzymes in metabolic pathways, by determining threedimensional structures of biologicd
maaomoleaules, and by manipulating the genetic and kiochemicd composition d cdls and
observing its consequences, the methods of moleaular biology and Hochemistry have anassed
a large volume of data. The alvances of these methods continue to produce an exporential
growth in biologicd data, refleded in the content of databases like GENBANK , SWISSHROT
and PIR, used widely by CD ROM or by eledronic mail. By contrast, our ability to structure,
model, and integrate these streams of biologicd data has lagged. Computational studies that
attempt to capitalise on acawmulated biologicd data were the primary focus of a conference
which was part of the yea-roundseries of Dagstuhl-Seminars organised at the SchlossDagstuhl
in Germany. The @ove four organisers attempt to give, based onthe transadions at the mnfe-
rence, their perception d significant issues and emerging themes in Computational and Theoreti-
cd Studies of Metabadli c Pathways, Gene Regulation, and Cell Differentiation.

Metabolism Enzymes are proteins that catalyse biochemicd readions, by binding to
particular substrates and lowering the adivation-energy barriers of spedfic readions. Sequences
of enzyme-caalysed steps form biochemicd (or metabdlic) pathways, achieving the overall
transformation of substrates to a variety of products, to med the chemicd needs of the cdl.
Metabalic pathways can interad and crede complex metabalic networks. The analysis of
metabali ¢ networks and eventua construction of novel pathwaysisthe am of the new reseach
field of metabadlic engineaing. By its definition, this field requires an integrative view of the
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metabolism: In analyzing a pathway, one may discover interadions among pathways with
different physiologicd functions; in synthesizing a new pathway, one can make use of building
blocks (enzymes) encoded in the genes of different organisms. The Boehringer Mannheim
company has produced amap o metabadli c pathways, that provides a wlorful visual integrative
tod. G. Michal discussd the obstades, oljedives and trade-offs that guided the design and
notation of this metabadlic wall-chart. It would be dealy desirable to have eath metabdlite
(biochemicd compound appea as a single node in the dhart, with all it s readions emanating
from it. But given the large number of readions in which some metabadlit es participate (like for
example, currency metabalites sich as NAD or ATP, or, to alessr extent, common interme-
diates such as pyruvate), this would creae a onfusing spaghetti-like gopeaance Thus, many
metabadlites appea as multi ple nodesin dfferent parts of the metabadlic chart. To all ow the user
to locate metabdlites and enzymes, an index is used, providing coordinates, much like astred
index of a dty map. Different colors and fonts are used for a cdegorisation d the metabalites
and enzymes. These workarounds are needed because of the inherent wegknesses of maps,
textbooks, or other static representations. Many attendees pointed ou that a computerised
version of the metabalic map would be much easier to use. Indeed, computational metabalic
databases with graphicd display of pathways are drealy being developed in various laborato-
ries.

Espedally useful for metabdli c engineeing isthe implementation d integrative informa:
tion systems, that represent genes, enzymes, and metabali c pathways. P. Karp is developing the
first integrated metabdli c information system for E. coli. The EcoCyc system contains informa-
tion ranging from structures of metabalites and stoichiometries of readions, to enzyme mofac
tors, adivators and inhibitors, to protein suburnt compaosition and genetic map locdi sation d the
asciated genes. Each ohjed is computationally linked to related oljeds for easy navigation:
A readion, for example, islinked to its metabdites as well asto particular enzymes that catalyse
it. A user could zoom in onaregion d the genetic map, click on a gene to oltain detail ed
information about it, navigate to the enzyme product of the gene, and then to the metabalic
pathway containing the enzyme. This g/stem can be accesed at

http://www.ai.sri.com/eaocyc/eaocyc.html on the World Wide Web.
Ancther integrated metaboli c database, which can be acce=d at
http://www.mcs.anl.gov/home/compbio/PUMA/Production/puma.html
onthe Web, was presented by T. Gaasterland. These information systems will no douth become
an important tod for metabadlic engineeaing. In fad, as presented by Gaasterland, evolutionary
metabali c reconstruction exercises are wncevable, taking into acourt the increasing number
of completed genomic sequences available. A more quantitative source for understanding
metabolic pathways is that provided by analyticd modes based on the use of differential
equations for simulation d readion kinetics and metabdite wncentrations (H. Heinrich, D.
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Kahn, G. Stephanopouos). Models determine behavior patterns and daminant mechanisms of
a biochemicd system, and are &le to decompose a @mplex pathway and in some caes de-
termine which pathway steps limit the overall flux towards adesired final product. This analysis
is especidly fruitful within parts of metabolism which are well understood from a biologicd
point of view. Most mathematicd approades rely onthe formulation d the relevant equations
for ead particular case, which are then solved computationally. The reliance on manually
formulated mathematicd models does nat permit multi ple uses of the sameinformation a other
types of analysis. In this sense, more flexibility can be obtained by a hybrid approach of equa-
tion-oriented methods with integrated metabali c databases, asiill ustrated by the objed-oriented
computational encoding of comporents (metabdlites, readions, cdls, medium) of the biologica
dynamic system, presented by G. Breuel. This interesting approach can suppat simulation as
well as database usage. The cncepts of ojed-oriented programming fadlit ate the development,
maintenance and reuse of mathematicad models. Rather than models describing just individual
metabdli ¢ pathways, this approad aims ultimately to model the whole metabdism asa ollec
tion of interading subsystems. Anather approad to interadive smulation d metabdli c networks
employs discrete models for qualit ative modeling. R. Hofestadt, based onthe theory of formal
languages, automata, and graph theoreticd methods, developed a grammatica formalisation d
biochemical readions, that enables the identification d general properties such as metabalic
battlenedks. M. Mavrovouriotis showed the use of thermodynamic arguments that determine the
feasibility and dredion d biotransformations - and can even pacelimits on readion rates.
These discrete gpproadhes are ale to cope with the usual incompletenessand urcertainty of the
avail able knowledge, which limits the more dasscd quantitative equation-oriented methods.
Classca continuows mathematicd methods, on the other hand, are eaier to reconcile with
experimental measurements, which are usuall y quantitative.

Dedphering coding regions is now a basic task assciated to the computational inter-
pretation of DNA sequences produced by genome projeds. Theidentificalion d signasin the
DNA related to regulatory domains was atopic of discussgon at the mnference An example of
astute cmbination d mathematics (more spedficdly statistics) and kiologicd insights was the
discovery by A. Danchin o a spedfic base-tetramer found at frequencies much lower than
would be expeded at randam. This squence @ntainsa TGC triplet that is frequently foundin
binding sites of prokaryotic regulatory proteins, supparting the interpretation that sequences are
selected against in cetain damains of the genome in arder to permit adequate regulatory
interadions. Thisresult came out within the framework of statisticd anaysis of codon wsage in
E. coli that suppated threemain biologicd classes of genes: high expresgon, low expresson,
and genes from horizontal transfer. Statisticd analyses of larger motifsin DNA sequences are
difficult given the presence of overlapping patterns and the limited avail ability of datasets of
well -understood sequences. Other presentations concentrated onmethods of pattern recognition
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for binding sites of spedfic regulatory proteins. The analysis of prokaryotic signals, spedficaly
sigma 70 promoters, presented by G. Hertz, led to the observation that such promoter sequences
have alow information content, given the expeded number of promoters and the RNA polyme-
rase cncentration. One reasonable interpretationisthat in such promoters, additional adivator
Sites participate to attrad the polymerase to bind and initi ate transcription. P. Bucher presented
asimilar method wsing weight matrices for binding sites, but taking also into acourt the context
where the site is found.He anphasized the importance of protein-protein interadions in tran-
scription regulation. These computational studies are being complemented by the experimental
evaluation of the dfinity of binding of proteinsto promoter sequences. Improved data would
permit the construction d weight matrices for a more predse mmputationa reaognition d
promoters (M. Ponamarenko). Questions deding not with individual promoters, bu with
colledions of promoters, regulatory proteins, and the networks produced by their interadions,
require integrative reli able databases. The work of E. Wingender has resulted in the TRANS-
FAC database with information ongene regulation d all eukaryotic organisms where experi-
mental information hes been published. An interesting observation he madeis that proteins that
belong to the same dassdefined in terms of their DNA-binding domain, i.e. hameo damains, or
leucine-zipper-domains, do nd interad more frequently with members of the same dassthan
with proteins of a different class Ancther database, christened OperonDB and presented by J.
Collado-Vides, contains the avail able regulatory information for (approximately 150 sigma 70
E. coli promoters. Collado-Vides described a grammaticd model that generates the sigma 70
colledionaswell as many new patential regulatory sequences. He presented two new diredions
of this approad, ore deding with a syntadic computationa implementationto predict regulato-
ry domainsin genome sequences, and the second ore dealing with aformali sation that incorpo-
rates gene adivation at a distance in sigma 54 pomoters. This approach is centered onthe
anatomy of cis-regulatory domains. A complementary formal approadh using bodean algebra,
presented by D. Thieffry, predicts that networks formed by a small number of regulatory genes
are more robust than large networks. These predictions have some enpiricd confirmationin the
known E. coli network of transcriptional regulation. A third theoreticd approac, presented by
M. Savageau, was the demand theory of gene expresson. Asauming that regul atory systems are
under seledion presaure, Savageau predicts that genes subjed to alow demand are negatively
regulated, whereas genes under high demand are positively regulated. In addition to a good
number of prokaryotic genes that foll ow this rule, switching of regulation (positive to negative
or viceversa) in eukaryotic cdlsis aso in agreament with this theory. Esentialy, cdl-spedfic
geneswill be positively regulated in their correspondng cdls, but negatively regulated in ather
cdls.

Not all talks were coming from theory or computer science, as ill ustrated by a lucid
description of the experimentally analyzed nitrogen regulationin baderia, offered by B. Magasa-
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nik. This complex yet logicd system of regulation involves a cacade of several regulatory
proteins conreding the signal of nitrogen avail ability to the adive/inadive form of glutamine
synthetase, as well as autoregulation d transcription d the glnA operon. Magasanik was able
alsoto briefly discusswhat seemsto be apuzzle in the evolution d gene regulation: the plausi-
ble fallbad role of alessrefined regulation d the ginA operonin E. coli, which functions when
some regulatory proteins of the primary system are not present or are mutated.

The coordinated regulation d the expresson d genes is primarily resporsible for the
diversity of cdl phenatypes that unfolds during the development of a higher plant or animal.
During the development of a higher eukaryote, asingle cél givesrise, by mitotic cdl divisions,
to avast array of cdl types, which are often highly spedalised, ead carying out only a few
metabadli ¢ functions. The mecdhanism by which these céls diff erentiate from one another during
the growth and development of an arganism invaves control of the expresson d these genes at
the levels of transcription and transcript processng. Differentiationis usually a cnsequence of
regulation d gene expresson (and rather infrequently changes in genome composition, such as
in the immune system). Most developmental processes in higher eukaryotes sem to be on
trolled by preprogrammed circuits of gene expresson, where some event triggers the expresson
of aparticular set of genes. The product of these genes functions by turning off the transcription
of thefirst set of genes and/or turning onthe transcription d a seand set of genes. In turn, ore
or more of the products of the seamndset ads by turning on athird set, and so on. In these cases,
the sequential expresson d genesis geneticdly preprogrammed and the genes canna usually
be turned on ou of sequence In eukaryotes, hamones can trigger the sequential expresson d
sets of genes. Regulatory genes are known to beinvaved in the @ntrol of patterns of differentia-
tion.In some cases regulatory elements cdl ed enhancers and sil encers modu ate levels of gene
expressons from neaby promoters. However, the question d how these enhancers and silencers
work in controlling gene epresson remains a dalenge. The spedrum of continu-
ous/quantitative to discrete/qualit ative tedhniques presented onthistopic parall els the diversity
of modeling approacdes discussed above for metabadli ¢ pathways and gene regulation. J. Reinitz
analyzed the processof segment determinationin Drosophila by numericdly inverting a dhemi-
cd kinetic equation that describes the regulatory circuitry and acourts for the synthesis rate,
diffusion and decay of gene products. C. Potten and M. Loffler described models which can
explain the spatia and temporal organisation d the system relating cdlular division, cdl
diff erentiation and maturation to the 3D-architedure and formation d cdlular clones. The
models ranged from stochastic cdlular automata to describe the short term behavior of single
intestinal cryptsto a diff erential-equation mode! of al stages disregarding the system architedu-
re of crypts. H. Meinhardt presented elegant models which are quantitative but as smple &
possble; they attempt to cgpture the biologicd behavior nat in its full detail but rather in its
esentia quditative feaures.
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Concluding Remarks

This suiccesgul meding demonstrated the diversity of theoretica and computational approades
and the diversity of biologicd systems to which they can be gplied. It also highlighted the
utility of databases that acawmulate and aganise biologicd data and enable the study of complex
biologicd systems on aglobal scade. However, despite the large volume of avail able data, the
informationislikely to beincomplete, uncertain, and qualitative on any one system of interest.
Ways to cope with incomplete information must be investigated, in arder to exploit this type of
data and till be &leto draw at least partial conclusions and predictions, as wasiill ustrated many
talks at this conference Informa discussons in the dternoors of the conference revolved
aroundmany of the questions remain to be answered in the nea future.

How informative ae DNA sequences for predicting complex regulatory mecdhanisms ?

How far will databases bring us into a more integrated understanding of gene regulation and
metabalism of thewhade cdl ?

How much of the complexity of regulatory networks, of metabaolic networks and d pattern
formation can be explained by standard evolutionary ideas ?

What isa computationall y useful definition o a metabadlic pathway ?

How much of the biologicd information available can be understood and reconstructed with
integrative theoreticd approadhes ?

These are some of the intriguing questions of a more global moleaular biology in which the
computational and theoreticd effortswill play a central role.

During the workshop 31ledures which covered various topics have been presented by partici-
pants from diff erent courtries. All participants appredated the stimulating and cordial atmosphe-
re at Schloss Dagstuhl. The dways engaged suppat of the Dagstuhl team was an essential
contribution to the successof this sminar.

The organizers wish to thank the VW-Stiftung for its generous financial suppat and all those
who helped to make the workshop an interesting and fruitful reseach experience

Decanber 1995

Julio Collado-Vides
Ralf Hofestadt

Markus Loffler

Michad Mavrovouriotis
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Monday, October 23
Gene Regulation

M. Ponamarenko (Novaosibirsk)
The Structure of Eukariotic Promoters and Computer Methods of its Reaognition

P. Bucher (Lausanne)
Mathematical Methods to Characterize Complex Transcriptiond Control Regions

J. Collado-Vides (UNAM Mexiko)
Syntactic Reaogrnition d Regulatory Regionsin E.coli

D. Thieffry (UNAM Mexiko)
Theoretical Analysis of E. coli Genetic Regulatory Network

M. Savageau (University Michigan)
Evolution d Gene Regulation

A. Danchin (Pasteur Paris)
Same Globd “insilico” Analyses from Bacterial Genome Projeds

E. Wingender (GBF, BraunschweigQ)
The Languagp of the Genome to Control Transcription

B. Magasanik (MIT)
Nitrogen Regulatory Network of Enten Bacteria

Tuesday, October 24
Cdll Differentiation

J. Reinitz (New York)
The Dynamics of Segmentationin the Fruit Fly Drosophila melanogaster

M. Loffler (University Leipzig), C. Potten (University Manchester)
Modeling Spaial and Temporal Organsation d Epithelia
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A. Dress(University Bielefeld)
A Mathematical Model for Sequential Cell Differentiation Processes

V. Calenbulr (ISPRA Itdien)
Natural Toleranceas a Function d Network Conredivity

S. Bonhdfer (Oxford)
HIV andHBV Dynamicsin Vivo

U. Behn (University Leipzig)
Memory in the Imnune System

H. Menhardt (MPI Tubingen)
Models of Biological Pattern-Formation

Wednesday, October 25
Metabolic Pathways

P. Bork (EMBL Heidelberg)
From Genomes via Protein Function to Pathways

G. Michal (Boehringer Mannheim)
Graphic Representation d Biochemical Pathways

R. Hofestadt (University Leipzig, University Koblenz)
Grammatical Formalization d Metabdic Pathways

P. Karp (SRI USA)
Encydopedia of E. coli Genes and Metabdism

Thursday, October 26
Metabolic Pathways
U. Mischke (Children’s Hospital Reutlingen)

Causal Probalbli stic Networks as a Tod for Representation d the Knowledge of Inbarn Errors
of Metabdism
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C. Sensen (Halifax)
Sequencing andAnalysis of the Sufolobus lfataricus P2 Genome

M. Mavrovouriotis (Northwestern University)
Modeling Metabdi c Pathways with Incompl ete Information

T. Gaasterland (University Chicago)

Sequence Interpretation andMetabdic Remnstruction in an Ongang Genome Sequencing
Projed

G. Breud (University Stuttgart)
An Objed-Oriented Approach to the Modeling d Bacterial Metabdism

R. Heinrich (HU Berlin)
The Sructural Design d Glycolysis, Kinetic and Thermodynamic Constraints

D. Kahn (INRA Frankreich)
Introduction to Metabdic Control Theory

S. Schuster (HU Berlin)
Modern Devdopments in Metabdic Control Theory

G. Stephanopouos (MIT)
Metabdic Network Dynamics Analysis as Todl of Metabdic Engineeing

Friday, October 27
Metabolic Pathways

B. Pohl (University Wirzburg)
Dynamic Mathematical Models in Knowledge-Based Systems

G. Hertz (University Coll orado)
Alignment Matrices for Modeling ComplexInteractions between DNA and Regulatory Proteins

J. Wertheimer (MIT)
Reasoning from Experiments to Causal Models in Moleaular Cell Biology
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The Structure of Eukariotic Promoters and
Computer Methods of its Reaognition

M.P.Ponamarenko, L.K.Savinkova, A.E.Kdl, O.V.Kdl,
A.N.Kolchanova, Y.V.Kondakhin, F.Kolpakov, A.G.Romaschenko and A.N.Kolchanov.
Institute of Cytology and Genetics, Novosibirsk

In the present work, eukariotic promoters have been analyzed.

The Transcription Regulatory Regions Databank (TRRD) was creaed. The TRRD current
release contains data on regulatory regions of 270 genes. The sSONA/TBP-binding efficiency
have been measured. On the base of these magnitudes the computer method for TBP-binding
efficiency cdculation by an arbitrary sONA nucleotide sequence was developed. By this
methodthe optimal nucleotide sequences for the TATA box were simulated. It was $hown, the
simulated andred TATA box sequences werereliably similar in bah nucleotide frequencies and
the Bucher's matrix method recogniti ons.

To reaognize askariotic promoters, the computer method d the transcription regularity potential
cdculation was made up. The 2ndtype aror (over-reaognizing) following applicaion d this
methodwas at list of 2 time lower than foll owing the method d proximal promoters recognizing
by its consensuses.

This reseach was suppated by the Fundamental Reseach Founcktion, Russa, grant
04.1246%.

Mathematical Methodsto Characterize
Complex Transcriptional Control Regions

Phili pp Bucher
Institut Suissede Recdherches Expérimentales sur le Cancer
Epalinges sur Lausanne
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Eukaryotic gene expressonis controlled by complex DNA regions consisting of a multitude of
cis-ading regulatory elements. The dements are target sites of transcription regulatory proteins.
The adivation d a cmplex control region involves sveral steps, starting with chromatin
reorganisation and ending with the assembly of afunctional transcription initi ation complex.
Subsets of individual elements ad at different stages of this process In arder to predict the
regulatory properties of a given control region ore has to be ale to locae the individual
elements and to quantitatively predict their binding strengths to cognate transcription fadors.
At asecndstage of analysis, ore hasto be aleto assesscooperative dfeds between elements.
Both problems can be gproadhed by computer-aided sequence analysis. The method pesented
in my talk concerns the first one.

The most common eukaryotic promoter el ements $iow a strong over-representation at charade-
ristic distances upstream of experimentally determined transcription initiation sites. My method
exploits this property for the purpase of deriving a quantitative description d such an element
providing strength estimates for individual instances. The dement isformally represented by a
positionspedfic weight matrix plus aregion d preferential occurrence The parameters of an
element are estimated by means of a heuristic optimisation procedure using a quantitative
measure of loca over-representation as an ogtimisation criterion. Weight matrices charaderizing
four important eukaryotic promoter elements, TATA-, CCAAT-, GC-box and "Initiator”, have
been derived thisway. Each of these dements has its maximum of locd over-representation at
adifferent position relative to the transcription initi ation site and corresponds to adistinct loca
optimum in the search spacedefined by a general promoter sequence set.

Syntactic Reaognition of Regulatory Regionsin E. coli

Julio Collado-Vides
CIFN
Universidad Nadonal Autonomade Mexico, Cuernavaca

We have olleded and analyzed an exhaustive database of s70 and s54 gromotersin E. coli and
Salmonella where there is aufficient knowledge on the regulation o these genes. There ae
around 130 s70 pomoters where regulation at the level of initiation d transcription hes been
charaderized, as well as around 20s54 promoters (including also those in Klebsiella). As a
result of the analysis of these two coll edions, some biologicd principles have been propased
that set the frame for the variation d alternative mechanisms of regulation in the s70 type of
promoters.
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Three important general principles came out from our analysis of the s70 colledion. Any
promoter requires asite for the binding of the regulator, either pasitive or negétive, close to the
promoter in order to enable dired contad between the regulator and the paymerase. These sites,
cdled proximal sites, differ from remote sites that occur at positions far away, either down-
stream or more commonly upstream, like the enhancer-like sites from where s54 promoters are
adivated.

The second olservation is that although represor proteins can occur within a wide range of
positions, around 100 bse pairslong over the promoter sequence, the positionsfor adivators are
restricted to pasitions upstream from -30. This distribution makes snse in terms of adivating
medanisms. Finaly, we observed that particular proteins have preferencewithin promoters for
either single sites or for multiple sites. It is clea that binding sites do nd occur as unrelated
elements. For instance, one can olserve in the dataset that groups of sites occur together in
different promoters. A system of regulationis defined as the wlledion d sitesin aregulatory
domain whose boundregulatory proteins participate in a single medanism of regulation. There
are threetypes of phrases: positive, negative, and heterologous phrases.

These biologicd principles have been formali zed into a grammaticd model describing regulato-
ry medhanisms in s70 promoters. This model generates all the promoters of the s70 colledion,
aswell as many more which are predicted to fit within these general principles.

This grammaticd model has been computationally implemented in prolog. The prolog version
of the grammar generates al the representations of the 131 regulatory arrays, plus many more (in
the order of 4000 arrays, or regulatory sentences that represent potential regulatory domains.
The linguistic representation describes these regulatory regions by symbads that correspondto
the binding sites of regulatory proteins and the promoter. Cougdi ng these terminal symbals with
algorithms or sensors for the identification d protein-spedfic binding sites (consensus matrices)
will permit to make predictionsin urannaated DNA sequences located upstream of identified
open reading frames. The modeling, its implementation, and its use for predicting new regulato-
ry domains will be discussed.

Regulation in s54 gromoters shows quite different properties. Baderial s54 promoters have
much more in common with regulationin higher organismsthan s70 promoters. They share with
eukaryotic promoters the &ility to be adivated from protein binding at remote sites, that isto
say, from enhance-like binding sites; the aility of RNA poymerase to bindin a stable confor-
mation to the promoter, where it can wait to be adivated, as well as the requirement for an
ATPase adivity. In ather words, s54 promoters are, at least conceptually, an intermediate step
between the classc s70 baderial promoters and promoters from higher organisms. We have
initiated the construction d agrammaticd mode that includes the mecdanisms of gene regula
tion associated with s54 promoters. This will be an important intermediate step to the future
seach for grammatica modeling of gene regulationin higher organisms.
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Generegulationin eukaryotic promoters involves a much larger number of moleaules, making
its description and formalization far more difficult than that of the baderia promoters here
presented. Nonetheless a similar procedure can in principle be followed for the analysis of
regulatory mechanisms and promotersin eukaryotic systems.

Theoretical Analysisof E. coli Genetic Regulatory Network

Denis Thieffry
DEM - CIFN - UNAM
Universidad Nadonal Autonaomade Mexico, Cuernavaca

Thistalk focus on the structural and dynamicd analysis of genetic regulatory networks. First,
the dynamicd roles of positive and regative feedbad loops are discussed. Then, a generali zed
logicd formalism is presented, all owing the dissociation o complex regulatory networks into
well defined sets of simple feedbadk loops, yet kegoing a mwmplete wntrol onthe waysin which
these loops are interconreded.

To exemplify this approad, we review a series of applicaionto the analysis of models of gene
regulatory network, including amodel of the genetic regulation d the expresson d baderiophe
ge lambda, and amodel for the genetic regulation d arginine metabolism in E. coli.
Theideaof the use of thelogicd structure as a aiterion for the dassficaion d genetic regula-
tory networks is then discussed. A first classficaion scheme is based on the presence of
positive, or of negative, or of bath types of feadbad loops in the regulatory structure, leading to
spedfic types of dynamicd behavior. This scheme can be further refined, all owing for theoreti-
cd and experimental comparisons of genetic regulatory networks which may be otherwise
unrelated.

Finaly, theoreticd and experimental considerations are used to obtain afirst charaderization o
the genetic regulatory network of E.coli asawhale, including an estimate of its conredivity, a
guantification d the numbers and types of feadbad loogs, etc. The preliminary results obtained
are then discussed within bah physiologicd and evolutionary perspedives.

Evolution of Gene Regulation

Michad A. Savageau
Department of Microbiology and Immundogy
University of Michigan
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The grea diversity of patterns of gene regulation raises questions abou its meaning. Because
there are many examples of systems that appea to acaomplish the same results by diff erent
means, some biologists have agued that this diversity is the result of historicd acddents that
have beame fixed in the popuation. Others have agued that this diversity has been seleded for
the perfomance of speafic functions. The first aternative impli es the dominance of stochastic
processes, whereas the seandimpli es the dominance of an ogtimization processfor which ore
must identify an appropriate representation d the variant systems, functional criteria for the
seledionand physiologicd constraints within which seledion ogerates. In this paper | examine
two well-charaderized aspeds of gene regulation and show that these can be understood onthe
basis of designsthat have been otimized by natural seledion. The first asped is concerned with
the moleaular mode of gene antrol -- positive or negative. The secondasped is concerned with
the coupling of regulator and effedor gene expresson -- diredly couded, urcouped, o in-
versely couged. The results can be summarized by two simply stated rules. (1) The positive
mode of gene mntrol occurs when thereis ahigh demand for expresson d the dfedor genein
the organism’ s natural environment; the negative mode occurs when there is alow demand for
expresson in the natural environment. (2) Dired cougding occurs with pasitively-controlled
effedor genes whose induction charaderistic exhibits a high logarithmic gain in expresson, a
with negatively-controll ed effedor genes whase induction charaderistic exhibits alow logarith-
mic gain. Inverse cougding occurs with pasiti vely-controll ed systems having low logarithmic
gain, or with negatively-controlled systems having high logarithmic gain. Uncougding occurs
with bath pasitively- and regatively-controll ed systems having intermediate logarithmic gain.
These rules are in reasonable agreement with experimental data, which consists of more than
100 well-charaderized systems in the cae of rule 1 and 30well-charaderized systems in the
caseof rule 2.

Some Global “1n Silico” Analysesfrom Bacterial Genome Projeds

Antoine Danchin
Unité de Régulation ce I' Expresson Génétique
Institut Pasteur, Paris

Avail ability of large segments of genome sequences all ows one to analyze some fedures of their
biologicd meaning. Starting from the simplest point of view it is posgble to investigate the
dinucleotide frequency in windows of fixed length (e.g. 500r). As already pullished (Nussnov,
1981 thereisagenera biasin al genomes as compared to arandam poisson dstribution (e.g.

-16-



Modeling and $mulation d Metabdic Pathways, Gene Regulation andCell Differentiation

AT is more frequent than TA). But some windows display extreme uneven dstribution. This
defined ordered sequence DNA (dos DNA) isdistributed in S. crevisiag E. coli and B. subitili s
aswell i nside genes and ouside genes, with aperiodicity of about 80 kb.A tentative explanation
is that DNA paymerase encourters some physicd barrier (due to DNA folding) at regular
positions. Another way to study sequences globally isto study the adon wsage in genes. In E.
coli (and naw in B. sulitili s) there aethree ¢asses of gene differing by their biologicd function.
If one placesin asame set al genes having exad courterparts from two organisms (E. coli and
B. sultilis, or B. sultilisand S. cerevisiag one finds that the doud d gene paintsin the code
usage space(61-dimensions) separates into two well defined entiti es, indicaing that the geno-
mes have different "styles’. Furthermore the paints are spread in ead cloudfollowing asimilar
pattern, suggesting that a same seleding presaure is operating in ead organism, resulting in a
same type of codon sage deviation from the average that is gedfic to the organism, as a
function of the biologica function considered. Several examples of comparisons between
genomes permitting to propase new metabadli ¢ functions have dso been dscussd (for example
the hypothesis that the function of polynucleotide phasphaylase is to make CDP as a preauson
for DNA synthesis).

Finaly, the distribution & GATC sitesin the E. coli chromosome has been studied. It has been
shown that following conceptua trends initiated by information theories (algorithmic com-
plexity and Bennett's logicd depth), it was possble to find a base line to study the red chromo-
some. This permitted us to show that GATC sites are overrepresented at aperiod o ca 1100 bp
(this corresponds to the long patch mismatch repair system). They are underrepresented when
parts of CAP binding sites (TGTGATCNNGATCACA). Finaly they are overrepresented when
separated by 10, 19,and 70 bp.This generally corresponds to region having clusters of GATC
motifs. These dusters are mostly located in genes involved in the transition from anaeohbic
growth condtions to agobic growth condtions.

These global analysis of long sequences all ow one to give hints abou new regulatory pathways
in baderia metabolism.

Asamotto for thisweek | proposed a sentence from Democritus master, Leucippus:

Nothing comes to being by itself, bu al becaise of a reason, and undr the constraint of
necessty.

Chance and recessty isnat a Greek thowght, andis not in Democritus.

This shoud remind wsto read and foll ow our preaursors.

The Language of the Genome to Control Transcription
Edgar Wingender
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Department of Genome Analysis
GBF Braunschweig

The words of the genomic language that give the information when and where genes have to be
expressed (transcribed) usually are sequence éements between 5and 25 lase pairs. Severa of
these words constitute the whole sentence of the regulatory regions of a gene, comprising
promoter and/or enhancer structures as principa and subardinate dauses, respedively and
presumably following a speafic syntax. Asa‘full stop’ of these sentences, SSMARS (scéfold/
matrix attached regions) appea to define the borders for the adivity of enhancers and aher
types of regulatory elements. To deade this language, we started to charaderize the cnstituting
words by colleding the avallable experimental data in a database of transcription regulating
fadors and their binding sites (TRANSFAC) (Wingender, 1994. Among other sources, this
database is avail able through the WWW (http://transfacgbf-braunschweig.de). As a part of the
database, a colledion d nucleotide distribution matrices is offered to the user which can be
applied for sequence scanning purposes to identify putative regulatory elements. Moreover,
based onthe sequencedata of TRANSFAC, weighted matrices and consensus descriptions have
been constructed using two programs developed by T. Werner and coworkers (Frech et a., 1993
Quandt et a., submitted). Appropriate sequence analysis toals using these matrices and consen-
sus descriptions will be avail able through the WWW in nea future a well.

A language can be used for information transfer only if the redpient isable to understand it. The
biologicd redpient of regulatory genomic signalsisthe set of transcription fadors availablein
ead spedfic cdl type. To assesswhat a cdl can understand, the FACTORS table of the
TRANSFAC database does not only had information abou the names and synoryms of
transcription fadors and their physicochemicd properties, bu comprises also data dou their
presencein individua cdl types andtissies. Moreover, most fadors ad as homo- and heterodi-
mers (and, occasionally, as higher oligomers) which opens up a cnsiderable combinatorial
variability for the integration and interference of distinct signalli ng pathways aiming at diff erent
fadors. Modelling the underlying regulatory medhanisms will help us to understand haw the
one-dimensional information carrier DNA is ableto arganize a omplex multicdlular organism.

Nitrogen Regulatory Network of Enten Bacteria

Boris Magasanik
Department of Biology
MIT

The external stimulusfor the adivation d nitrogen regulated genesisadropin ammonia. This
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stimulus affeds the enzyme glutamine synthetase (GS), resulting in the intracdl ular signal, a
drop in glutamine. The signa is transduced by the signal transducers PIl and Utase to the
moduator, NRII, which in turn phasphaylates the resporse regulator NRI. NRI-phoplate
adivates transcription at the glnAp2, sigmab4-dependent promoter of the gInALG operon,
coding respedively for GS, NRII and NRI. When ammonia in the medium is high, PIl in
combination with NRII dephaspharylates NRI-phaosphate and thus blocks initiation at ginAp2.
A dedine in intracdlular glutamine, resulting from a low ammonia cncentration stimulates
Utase to uridylylate PIl, and thus to liberate NRII to ad as kinase for NRI.

The increase of the levels of GS allows the cdl to utilize anmoniain low concentration. The
increase in NRI-phaosphate, resulting from increased transcription d NRI raises the level of this
adivator sufficiently to adivate transcription at sigmaS4-promoters for the adivators Nif A,
which adivates the nif (nitrogen fixation genes) or NAC, which adivates the genes for degrada-
tion d histidine, proline, and uea cgpable of supdying the cédl with ammonia.

The Dynamics of Segmentation in the Fruit Fly Drosophila melanogaster

JohnReinitz
Brookddl e Center, Mt. Sinai Medicd Schod, New York

We analyze the processof segment determination in Drosophil a using the foll owing approadch.
We find the drcuitry by numericdly inverting a chemicd kinetic equation that contains para-
meters that describe the regulatory circuitry together with synthesis rate, diffusion and decyy.
Theinversionis acomplished by means of fitting to dbserved expresson petterns by simulated
anneding. Using this method, we analyze the cntrol of pair-rule gene expresson by the gap
genes. Today we present two results, which show:

1) Each of the 8 baders of even-skipped stripes 2 - 5is under the @ntrol of a cetain

gap damain.
2) The gap genes pedfy exadly one set of pair-rule stripes.

Modeling Spatial and Temporal Organisation of Epithelia
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Markus Loffler*, Christopher Potten?
'Department of Medicd Informatics, University of Leipzig
?CRCDep. d Epitelial Biology, Christie Hospital (NHS) Trust Paterson Institute, Manchester

Epithelia are highly structured tisauies which are often charaderized by maaoscopic stability
despite ahigh daily regeneration and acmciated microscopic dynamic. The objedive of the talk
wasto describe models which can explain the spatial and tempora organisation d the systems
relating cdlular division, cdl differentiation and maturation to the 3D-architedure. Thisimplies
asumptions on cdl migration and formation d cdlular clones.

Threemodels were discussed:

1) A stochastic cdlular automaton to describe the short term behavior of single intes-
tinal crypts. This model provided suppat for the célular pedigree @ncept of stem
cdls => transitamplifying => mature cdls.

2) A stochastic threshold dependent Galton-Watson processto describe the long term
dynamics of popuations of crypts onthe basis of a hidden Markov processoccuring
at the stem cdl level.

3) An ODE model of al cdl stages disregarding the system architedure of crypts. This
model was used to examine short term data on the recovery after a severe perturba
tion.

Requirements for a ammprehensive unified dynamic network model were discussd.

A Mathematical Model for Sequential Cell Differentiation Processes

Andreas Dress
Department of Mathematics
University of Bielefeld

Cell differentiation processs are often modeled in terms of compartments comprising cdls of
a given well-defined type which are “fed” by cdls from compartments comprising cdlsin an
ealier stage of development, get enlarged by cdl division,andloose cdlsether by cdl deah o
by further diff erentiation into later stages of development.

To ched these models empiricdly, it isimperative that the cdl -diff erentiation dynamicsimplied
by the combination d these processes are worked ou explicitely, so that relevant system
parameters can be evaluated and numericd relations (“identities’) between these parameters
which areimplied by the model can be derived analyticdly and then examined experimentally.
Inthe ledure, afirst attempt in this diredion was presented, based onthe most simple dynamics
imaginable (that is, using constant rates of change dl over), and some @nsequences were
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derived which, in principle, are anenable to experimental examination.

Natural Toleranceas a Function of Network Connedivity

V. Calenbuhr™”, H. Bersini, F. J. Varelal
'CREA, Ecole Polytechnique, Paris
|RIDIA, Université Libre de Bruxelles
3please send corresponcdenceto this author

This article investigates the foll owing basic question: in the relatively stable moleaular environ-
ment of a vertebrate body, can a dynamic idiotypic immune network develop a natura tolerance
to endogenous comporents? Our approacd is based onstability analysis and computer smula-
tion using a model that takes into ac@urt the dynamics of two agents of the immune system,
namely, B-lymphacytes and antibod es. We investigate the behavior of smple immune networks
in interadion with an Ag whose concentration is being held constant as a function d the
conredivity matrix of the network. The latter is charaderized hy the total number of clones, N,
and the number of clones, C, with which ead clone interads. The idiotypic network models
typicdly become unstable in the presence of thistype of Ag. We show that idiotypic networks
that can be foundin particular conreded regions of NC-spaceshow tolerance towards auto-Ag
withou the neal for ad hac medhanisms that prevent an immune resporse. These tolerant
network structures provide dynamicd regimes in which the done which interads with the auto-
Agis ppressad instead of being excited such that an unbounéd immune response does not
occur. Possble implicaions for the future treagment of auto-immune disease such as Ivig-
treament are discussed in the light of these results. Moreover, we propose an experimental
approad to verify the results of the present theoreticd study.

HI1V and HBV Dynamicsin Vivo

Sebastin Bonhceffer
Well come Center for the Epidemiology of Infedions Disease
Department of Zoology
University of Oxford

Recently new anti-retroviral drugs becane available that are very potent inhibitons of viral
replicaion. Administration d these drugsto infeded patientsis foll owed by arapid dedine of
the freevirus popuation ower severa orders of magnitude. Crucial Kinetic parameters for the
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dynamics of viral infedionsin vivo can be estimated by fitting mathematicd models to datafor
the dedine of freevirusin drug-treaed petients. Datafrom 22 HIV infeded individuals showed
ahalf lifeof t,, = 2.0+,- 0.9 chysin the virus produwing cdl popuationand ahaf life of t;, <
1.5+,- 0.5 caysinthe freevirus popuation. These dataindicate that HIV infedionisahighly
dynamic processwith high rates of viral reproduction and cleaance. Comparison with HBV
infedion shows that the freevirus popuations may turnover at similar ratesin bah infedions.
The half life of the virus produwcing cdl popdationin HBV, however, is between 1and 2 aders
of magnitude larger than in HIV. These results may help to explain some of the aucial proper-
tiesof HIV infedion, the enormous genetic diversity and the rapid emergence of drug resi stant
strains.

Memory in the Immune System

Ulrich Behn
Department of Theoreticd Physics
University of Leipzig

In the talk, first the nonlinea dynamics of ad hac assumed small subsystems of the idiotypic
network is discussed. Espedally we consider idiotype-antii diotype ¢/cles couding to an antigen.
The atradors of the dynamics describe, depending onthe parameters, the virgin state, a hedthy
iImmunized state, and a state of chronic infedion; in ather words;, immundogicd memory.
Several models of increasing complexity preserve this property. A therapy of chronic infedion
by spedfic stimulation through injedion d antigen is shortly discussd.

Inthe seand @t the achitedure of the idiotypic network isinvestigated analyzing a bit chain
representation d receptors which leads to the problem of randam cluster formation ona hyper-
cube. It isposgble to choose the parameters such that arandamly chaosen antigen is recognized
amost surely by antibodes which are members of small clusters. In this care the idiotypic
network consists of many small clusters (the periphericd system) and ore large throughly
conreded cluster ( the cantral immune system). Thisjustifiesto consider small clusters sparate-
ly which presure memory.

In the third pert, an internal structure of the central immune system is assumed idedizing
experimental results of Keaney et al. We consider afully conreded core and cougded pairs of
idiotype and antii diotype which coude we&ly to the mre. Self-antigen is auppcsed to coupe to
both the core and the idiotype. The dtradors of this s/stem describe then - among others - a
tolerant state towards slf-antigen and an autoimmune state. Infedion by an antigen couping
either to the idiotype or an antii diotype may inducetransitions fro and badk between the tol erant
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and the autoimmune state which may be exploited for designing a therapy.

M odels of Biological Pattern-Formation

Hans Meinhardt
MPI fur Entwicklungsbiologie, Tubingen

Models of biologicd pattern formation and their coupling will be discussed. It will be propased
that the foll owing processes play akey role.

(i) Primary pattern formation is acomplished by autocaaysis and long ranging inhibition.
Gradients, periodic distributions and stripe-li ke pattern can be generated in this way.

(if) Cells oltain a stable state of differentiation by dired or indired autoregulation d genes
acompanied by amutual competition among aternative genes. In thisway, ony one of several
aternative genes can remain adive within a particular cdl. Which of the genes becomes
adivated can be under the mntrol of agradient generated by the medhanism mentioned abowve.
After the corred gene adivation haes been adiieved, the gene adivity is independent of the
evoking signal.

(i) By mutual long range stabili zation d cdl states, a controlled neighbouhood d structures
can be atieved. Segmentation such as e ininsedsis proposed to result by a g/clic mutual
adivation d such locdly self-stabili zing cel states. For the segmentation d inseds, the repeti-
tion of at least three cdl states are necessary to generate this periodic structure that has an
internal polarity of the repetiti ve units.

(iv) Boundaxries between regions generated by these mechanisms can oltain arganizing proper-
ties for the finer subdvision d an organism. Substructures sich as eyes, legs or wings are
propacsed to beinitiated aroundthe intersedion d two baders. This mecdhanism acourts for the
pair-wise initiation d these structures at the crred position and with the @rred handedness
Classcd experiments and recent moleaular-genetic observation with insed and vertebrate limbs
will be discus=ed in the view of this model.

Many such elementary steps are required for development of higher organisms. To all ow the
generation d complex patternsin areproducible way, it is assumed that these dementary steps
are couded to eat other in ahierarchicd way. The patterns of one level exert astrong influence
onthe subsequent pattern. Therefore, eat subsequent pattern has a predse spatial relationship
to pettern o the hierarchicdly higher level. With Hydra a an example it will be shown hav two
organizing regions can arganize amorphagenetic field from two oppaite paes (head and foat)
and how two structures can emerge in a predictable arangement. The same medhanisms can
lead also to complex spacetime patterns. Pigmentation petterns on the shell of tropicd snail are
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given as examples.
The models are given as couded nonrlinea differential equations. By computer simulations it
is hown that their dynamic properties correspondto the experimental observations.

From Genomes via Protein Function to Pathways

Peea Bork
Max-Delbriick-Center for Moleaular Medicine, Berlin-Buch and
EMBL, Heidelberg

Morethan 8% of all known genes have & least one identifyable homologue in current databa-
ses, for the mgjority of them functional predictions are possble. However, they have to be dore
very caefully as bath overprediction and missed functional indications hamper amore complex
pathway analysis considerably.

With the progressof the genome sequencing projeds, we ae becoming able to compare the
protein composition and to analyse the functional compasitionin dfferent model organisms.
Based on dita from Mycoplasma cagricolum, E.coli, H.influenza, yeast and that from higher
eukaryotes, a picture of the drift of protein function from metabalism to regulation and commu-
nication can be observed. More "modern” eukaryotic proteins, involved in communicaion and
regulation, tend to have amoduar architedure, the complete ducidation d which require
sophisticaed analysis todls.

Comparative anaysis also allows to tracethe evolution d metabdic pathways by adding
information abou homology to ead enzyme of a pathway. Evolution o pathways via gene
dugicaions seemsto be afrequent theme; however, there ae enzyme families that seem to be
inserted into dfferent pathways. With the constraint of knowing the complete gene pod of an
organism, comparative sequence analysis also can explain nutrient requirements and guides the
prediction d novel pathways. Asfor most of the moduar regulatory proteins pathways have not
yet been identified, the focus is here a t¢asdficaion d the modues that leads, together with
experimental work, to the identification d interadion partners as afirst step in pathway identifi-
cdion.

Graphic Representation of Biochemical Pathways

Gerhard Michal
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Basic problems are dicussed, which arise during designing of metabalic charts (for example the
‘Biochemica Pathways' chart, which is distributed by Boehringer Mannheim).
Verbal descriptions easily alow the emphasizing of certain aspeds and ptiting aside others.
Graphic representations result in higher compresson d data and thus al ow quick recognition
of the esentias of a statement, but aso o portions left off or dedt with in lessdetail .
The foll owing aspeds have to be mnsidered:

- 3 dmensions of space

- the progressin time

- the variations among the kingdoms of biology, orders, families etc.

- thevariations within an individual: between organs, at various dages of life, nuri-

tional changes etc.
- regulation d biologicd adivity, espedally
* by changing the anount of enzymes (during transcription, translation a by
degradation)
* by changing the adivity of enzymes (by adivation a by inhibition via diff erent
medchanisms or by degradation).

In case of printed material, this has to be shown in oy 2 dmensions. Some help can be
obtained by graphic means (colors, line shapes etc.). Computers are lessrestricted.
The ‘language’ (style of representation) depends on the kind d realers addressed. Chemicd
formulae show a high degree of abstradion. More recent developments require alditionally
indicating biologicd structures. Usualy, full detail of these structures distrads from the reac
tions, bu some resemblanceto them is helpful. There is also the task of distinguishing between
the various types of regulation. Unlessone can devote aspeda drawing to it, ore hasto resort
to graphic means (color, dashed vs. solid lines etc.). Findly, ddadic aspeds shoud be mnside-
red carefully in order to improve legebility.
All these aspeds have to be alapted to the general scope of the task (overall or detail ed repre-
sentation, avail able space ¢c.).
The rules differ by the means employed (wall chart, books, computer representation). The first
two ores are more useful for an oweral survey, the latter one for going into more detail .

Grammatical Formalization of Metabolic Pathways

Ralf Hofestadt
Department of Medicd Informatics, University of Leipzig
Department of Computer Science, University of Koblenz-Landau
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Biotedhndogicd methods al ow the analyzing of biochemica processes. Enzymes are biosyn-
thetic products of spedfic structure genes, which catayze biochemicd processes. Metabadlic
pathways are cacades of biochemicd readions, which can interad and creae mwmplex metabo-
lic networks. Analyzing and synthezising of metabalic networks is the main aim of the new
reseach field of metabadlic engineaing. A fundamental element for the redization d metabalic
engineaing is the implementation d integrative information systems, which represent genes,
enzymes, and metabadli c pathways. Moreover, modeling of metabadli c processes in combination
with such information systems will be the basic tod for metabalic engineaing. Therefore,
dynamic model s are important, which all ow the implementation d useful interadive simulation
programmes.

In the reseach areaof modeling metabali c processes diff erent models are discussed. Abstraa
models are based on bnary automata or logicd approches which all ow the qualit ative discusson
on an abstrad level. Analyticd models are based onthe usage of differential equations which
allow the exad simulation d concentration rates. However, the smulation d kinetic éfedsis
possble. The disadvantage of this approad isthe dfort of the computational complexity and the
fact that concentration rates are not avail able nowadays. Discrete models all ow the qualitative
modeling of metabolic networks and are based onthe theory of formal languages, automata,
graph theoreticd approadhes, and methods of artificial intelli gence

The am of our work isto develop a new concept for the modeling and simulation d metabalic
proceses. Therefore, we defined agrammaticd formali zation. In thistalk we present this new
method which represents the first method for the interadive modeling and simulation d
complex metabadlic processes. The gproad is important in the reseach field of metabadlic
engineaing, becaise analysis of metabdlic pathwaysis becming more and more importancein
biomedicine and botechndogy. The reasonis that genetic defeds cause diseases and must be
identified. An important applicéion is the detedion d metabadlic bottlenedks becaise such
configurations sgnal speafic concentration rates, which are based ongenetic defeds.

Encyclopedia o E. coli Genes and Metabolism

Peter Karp
SRI International, Al Center, Menlo Park

EcoCyc is aknowledge base of E. coli genes and metabalism that runs on Unix Workstations,
and through the WWW (see http://www.ai.sri.com/eacyc/eccyc.html). Its graphicd user-
interface creaes drawings of metabalic pathways, of individual readions, and d the E. coli
genomic map. Users can cdl up oheds through a variety of queries (such as retrieving an
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enzyme by a substring search), and then navigate to related entities shown in the resulting
display window. For example, a user could zoom in onaregion d the genetic map, click ona
gene to oltain detail ed information abou it, and then navigate to the enzyme product of the
gene, and then to the metabadli c pathway containing the enzyme.

Metabdlic pathway drawings are produced automaticaly, and can be drawn in severa styles,
such as with compoundstructures present or absent. The EcoCyc knowledge base aurrently
contains information abou 100 metabalic pathways, 300 enzymes, 580 enzymatic readions,
1200metabdic compounds, and 2500E. coli genes. It will eventually contain information about
all pathways, enzymes, andreadions of E. coli metabdism. EcoCyc oontains extensive informa-
tion abou eat enzyme, including its cofadors, adivators and inhibitors (qualified by type),
subunt compasition, substrate spedficity, and moleaular weight. Individual values in the
knowledge base ae extensively anndated with citations to the literature, as are comment fields.

Causal Probabili stic Networks
asa Tod for Representation of the Knowledge of Inborn Err ors of Metabolism

U. Mischke, G. Frauendienst-Egger, F.K. Trefz
Children's Hospital Reutlingen,
Medicd Schod of the University of Ttbingen
(Sporsored by the German Ministry of Science and Techndogy grant MEDWIS A40)

In ou projed we have been developing a knowledgebased system for the diagnostic suppat of
inbarn errors of metabolism (KBS-DIAMET). Inbarn errors of metabolism are hereticd disea
ses. Eadh single disease is very seldom, bu all together they are quite frequent.

Even for aspeddist it isdifficult to knov ead dsease, bu afast predse diagnosisis necessary,
as most clinica signs could be avoided by a spedal dietary treament. The knowledge dout
inborn errors of metabaolism is very uncertain, because it is difficult to oltain statistic as the
patients are spread world wide. Additionally, the knowledge is very dynamicdly increasing, the
progressin hiochemicd and genetic diagnostic procedures leads to 1015 rew diseases found
every yed.

Wededded to use "Causal Probabili stic Networks' (CPN) to structure this knowledge. CPN are
based onthe Formula of Bayes. Qualitatively a direded acyclic graph has been bult, with the
nodes representing medicd entiti es and the alges describing their dependencies. The quantitati-
ve relationships have been scored with "extended linea models'(ELM). For ELM the asump-
tionis made, that eat parent-nock has a defined impad onto the dhild nock. Alsoit isrequired
that al variables are ather discrete or continuows and that they are normally distributed. The
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problem was lved choosing adequate ranges and the resulting error was kept small.

Mainly we dhose CPN together with ELM for our system, because this is a tod handing
uncertainty which is highly orientated towards the thinking processes of the physicians. Also it
remains consistent if new diseases are alded into the network.

We developed a network (abou 120 nods) deding with all diseases resulting in hyperammone-
mia. Thiswas implemented into the expert system shell "HUGIN". Viadynamic data exchange
HUGIN was conreded to EXCEL. In close @m-operation to the physicians we @nstructed an
user-interface A first internal validation showed a goodfunctionality of the system, diagnoses
are foundwith ahigh probability.

We plan to complement the prototype towards hypoglycemia and ladic addosisin future. For
this we want to give extern experts the possbility to include their knowledge. Seaondy the
fadliti esfor dedsion suppat shoud beincluded into the system. A database will be cnstructed
for saving and updiing the knowledge and last but nat least an extern evaluation will be
necessary.

Sequencing and Analysis of the Sulfolobus lfataricus P2 Genome

ChristophW. Sensen
(principal investigators: Robert L. Charlebois, Mark A. Ragan, W. Ford Dodlittl €)
Nationa Research Courril
Institute for Marine Biosciences

The Sulfolobus genome projed is the only all-Canadian genome sequencing projed set up to
determine the entire DNA sequence (3.1 Mbp) of an organism. The sequence of the aen-
archaeote Sulfolobus slfataricus P2 is obtained ona csmid by cosmid besis using automated
sequencing tedhniques. The sequencing strategy all ows us to analyze dean sequencein contigs
at least 40 kbplong. The size of the cosmid inserts al ows agood quality control of the sequence
asembly. To date, abou 25% of the Sulfolobus genome has been sequenced by the Canadian
team. The sequencedata produced by the genome projed are used to develop tods for automa-
ted computer analysis of entire genomes in coll aboration with computer scientists from various
Institutions. The most significant coll aboration iswith Dr. Terry Gaasterland from the Argonre
National Laboratory. The goals of her reseach are presented in a separate astrad in this
abstraagbook.

M odeling Metabolic Pathways with Incomplete Information
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Michad Mavrovouriotis
Chemicd Engineaing Department and
Courxcil on Dynamic Systems and Control
Northwestern University

A set of techniquesfor the qualitative analysis of metabadlic pathways are based onthermodyna-
mic and kinetic limits.

In the first technique, thermodynamic battlenedks are defined as those pathway sedions that
present thermodynamic obstades to the flux. Distributed bdtleneds crede obstades through
the ombination d two a more marginally feasible readions. An agorithm formally identifies
al bottleneds.

A secondtedchnique cmputes the necessary Gibbs energies for the thermodynamic analysis,
through group contributions.
A third technique cmputes limits on enzymatic readion kinetics, using limits from diffusion;
thermodynamic constraints; and partial experimental data. This method can be used to inter-
polate or extrapalate kinetic measurements.

Sequencel nterpretation and Metabolic Reanstruction in an Ongoing
Sequencing Projed

Terry Gaasterland
Argonre National Laboratory, Department of Computer Science
University of Chicago

Thisyea, 1995,we experienced the first fall genome sequence Within threeyeas, we antici-
pate nat only Haemophlus influenzag Mycoplasma genitalium but Solfalobus Dlfataricus,
Escherichiacoali, Methanocoocus janaschii, Methanobaderiom thermautotrophicum, Mycobade-
rium legrae Richettsia prowazedhi, Heli cobader pylori, and Sactharomyces cerevisiae
Analyzing these sequences with today’s todls against today’s databases with today’s under-
standing of domain motifs would take 3 people 1 yea per megabase. Over the next yeas, the
tools will change, improve and grow in number. The sequence databases continue to expand -
for both proteins and DNA.

The curation community pays close dtention to serving tools and maintaining data. However,
analysis of whole genomes has remained a human (super human!) task.

MAGPIE (Multipurpose Automated Genome Projed Investigation Environment) provides
sequencing projeds with a data olledion manager and a logic-programming based automated
reasoning environment for maintaining. The energing picture of agenome. Automated dedsions
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and aganization lay ontop d hierarchicd navigable evidencefor genome sequencefedures.
Reaonstructing the metabolism of an arganism is an esential modue of genome sequence
interpretation. MAGPIE provides the basis for feeding the reconstruction - alist of enzymes
together with confidencelevels and plylogenetic distances. A reconstruction engine (joint with
Ross Overbeek and Eugeni Selkov) uses the MAGPIE output together with EMP (Selkov's
Enzyme and Metabadlic Pathway database) to generate reconstructed primary metabolism as
interconreded, passbly digoint, topdares - ripe for further investigation.

An Objed-Oriented Approach to the Modeling of Bacterial Metabolism

G. Breud, A. Kremling, E.D. Gill es
Ingtitut fir Systemdynamik undRegelungstechnik
University of Stuttgart

One of the objedives of mathematicd modeling and dynamicd simulation d baderial metabo-
lism is the development of computational and theoreticd tedhniques, which determine behavior
patterns and daminant medanisms of a biochemicd system. Different parts of the metabalism
are understood \ery well from abiologicd point of view.

A smaller number of mathematicad models describing certain metabalic pathways or the

expresson of aspedfic operon can be foundin literature. Considerably lessattention has been
given to the modeling of the whde metabolism as a wlledion d interading subsystems. Some
of the main reasons for this are, that the avail able knowledge is usualy sparse, urcertain and
often ony qualitative.
To overcome these problems metabalic knowledgebases have been constructed by diff erent
reseach groups (e.g. ECOCY C). Besides these knowledge bases, novel modeling and simulation
languages have been developed to suppat the modeling of systemsin chemica engineeing (e.g.
MODEL.LA) and bology (e.g. METASIM).

These systems employ a decompasition and a structuring of the modeling knowledge for the
spedfic goplicaionarea
They rely on concepts of objed-oriented programming to fadlit ate the development, mainten-
ance and reuse of mathematicd models. Ancther objed-oriented approach for the mathematica
modeling of chemicd engineeing processes was developed by Marquardt, Gilles et. d. In
comparison to ather approacdes, this concept contains a more thorough structuring of the
modeling knowledge of the gplicaion area In ou approacd this concept was modified and
extended to cope with the domain spedfic isaues of biologicd and bochemicd systems. The
most important step towards the development of amoduar structured concept to the modeling
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of baderial metabdism isthe structuring of the avail able biologicd and genetic knowledge. To
model the dynamicd behavior of baderial metabadlism, the metabolism is considered as two
coupded andinteracting networks. In a decomposition d the two network modeling objeds are
introduced. The introduced modeling objeds only imply the structural aspeds of metabalic
processes. Behavioral modeling objeds are introduced to describe the behavior of any structural
modeling objed (e.g. readion kinetic).

Consequently, a behavioral modeling objed is aways diredly linked to a structural modeling
objed. The ideas presented in this contribution can be seen as afirst step towards the develop-
ment of an oljed-oriented representation d the introduced modeling objedsin a data model for
the gplicaion areaof baderia metabalism.

The Structural Design of Glycolysis, Kinetic and Thermodynamic Constraints

Reinhart Heinrich
Department of Theoreticd Biophysics
Humboaldt - University Berlin

There exists arather large number of models deding with the simulation d the dynamics and
the elucidation d control properties of glycolysis. In these investigations the stoichiometric
coefficients which define the topdogy of enzymic networks and the kinetic constants of enzy-
mes are considered as given parameters and it is not attempted to give ay explanation for the
observed values. In the present study it is theoreticdly analyzed whether the structural design of
contemporary glycolysis may be explained onthe basis of optimization principles originating
from natural seledion duing evolution.

Particular attentionis paid to the problem how the kinetic and thermodynamic properties of the
glycolytic pathway are related to its doichiometry with resped of the number and location o
phaosphorylation and dephospharylation sites. Phaspharylation by inorganic phosphate a well
asby ATPistaken into acourt. The mathematicd analysis of an unlranched chain shows that
the requirement of high ATP producing rate favours astructural design which includes not only
ATP produwing readions (P sites) but also ATP consuming readions (C sites). It is demon-
strated that at fixed overall thermodynamic properties of a chain the ATP production rate may
be enhanced by optimizing the locaion d the wuping sites as well as by kinetic optimization.
The ATP prodwctionrateisincreased if the C sites are mncentrated at the beginning and all the
P sites at the end d the pathway. A maximum is achieved in dependence on the number of
couding sites. It isanalyzed how the optima ATP production rate depends on the total number
of steps of an energy conwverting pathway. In extended version d the model the dfeds of
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internal feedbad regulation, d variable enzyme concentrations and d a splitti ng of C6 com-
pounds into two C3 compounds, which in glycolyistakes place &the dddase readion, are taken
into acourt.

The theoreticd results for optimal states which are in general agreement with the structural
properties of contemporary glycolysis are compared with thase for non opimized states. Of
particular theoreticd interest are hypotheticd pathways owning an "antiglycolytic" design with
areverse locaion d ATP consuming and ATP producing readions compared to glycolysis.
Several combinatoricd problems concerning the toal number of diff erent stoichiometric designs
are solved.

Introduction to Metabolic Control Theory

Daniel Kahn
Biologie Moléaulaire des Relations Plants-Microorganisms
INRA - UNRS, Castanel-Blozan

Metabdli c control theory isa mathematicd formali sm which alows the ammputation o systemic
sengitivities (“control coefficients’) in terms of network structure and enzyme sensitivities
(“elasticity coefficients”).

Complex systems can be goproached by decompasing them into smaller modues, provided
moi ety conservation cycles are confined within the modues. Control of the entire system can be
cdculated in terms of the control within eady modue and interadions between the modues.
Moduar decomposition d complex systems appea particularly relevant to the study of the
regulation d gene expressonand d regulatory cascades. However experimental methoddogy
neeals considerable improvement before we can read a reliable quantitative description o
regulatory networks.

Modern Developmentsin Metabolic Control Theory

Stefan Schuster
Department of Biology
Humbaldt - University Berlin

The basic quantities of Metabalic Control Theory are presented. In particular, the two distinct
definitions of control coefficients (in terms of derivatives with resped to enzyme wncentrations
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andin terms of derivatives with resped to readionrates) are cmpared, and the interrelations to
resporse @efficients are discussed. The recently introduced co-resporse wefficients are shown
to be independent of the enzyme subjed to perturbation uncdr certain condtions. The summa-
tion theorems of Metabadlic Control Theory are vaid whenever the cntrol coefficients are
independent of the choice of perturbation parameter, which is stisfied under week condtions.
Cases where these condtions are naot fulfilled include dynamic metabadlite dannelling and
moi ety-conserved cycles together with high enzyme cncentrations. The problems occuring in
these cases can be resolved by using control coefficients with resped to elemental steps of
enzyme caalysis. These wefficients have dso turned ou useful for showing that there ae no
completely rate-limiting steps in enzymatic mecdhanisms. Other modern developments in
Metabalic Control Theory are briefly summarized.

Metabolic Network Dynamics Analysisas Tod of
Metabolic Engineering

Gregory Stephanopouos
Department of Chemica Engineeing
MIT

Understanding the dynamics of metabali c pathwaysis an important step of metabalic Enginee
ring, the direded and puposeful modification d metaboli c pathways for the overproduction d
metabalites. We present two paradigms of pathway dynamics and metabadlic engineeing:
Thefirst dedswith the distribution d metabadli ¢ flux between competing pathways and fadors
affeding it. Using the tetrahydrodipicolineae brunch pant of lysine biosynthesis as example,
fluxes through the two competing pathways were analyzed in terms of H,D concentration
variationsaswell asat varying enzymatic adivities. It was determined that in-vitro kinetic data
of the mmpeting enzymatic readions can provide valuable insights on the outcome of flux
distribution as well as means by which the latter can be dfeded. Conclusions drawn from this
example were goplied to the analysis of the aspartyl-semiadehyde, harmoscrine and threonine
branchpants leading to metabalic modifications for the succesul overproduction d lysine,
threonine andisoleucine, respedively.

The seand pradigm addreses the issue of control distribution d complex metabadli c networks.
Concepts of Metabdic Control Analysis have been extended to groups of readions and systema
ticdly applied to the analysis of the control structure of the aomatic aminowcid pathway.
Furthermore, the resporse of the pathway was guded to the manipulation d one or more of the
constituent bioreadions. It was foundthat, although rather limited results are possble with the
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modificaion d asingle readion, significant applicaion d the overal network flux is possble
with the proper modificaion d a smal (2-3) number of readions. Group MCA permits the
implementation d these findings in the laboratory.

Dynamic Mathematical Modelsin Knowledge-Based Systems

Bernhard Pohl
Department of Hygiene and Microbiology
University of Wirzburg

Knowledge-based systems are computer programs which consist of a knowledge base and an
(expert) system shell. The knowledge base is represented in aformal language, optimised for the
spedfic problem, e.g. representation d physiologicd models or construction d text modules for
output. The system shell comprehends more general functions as there ae database, inference,
explanation, and communicaion to the user. Knowledge base representation languages are often
rule- or frame-based and then refled algebraic equations. In this ledure it is argued that a
modelli ng language for compartment (dynamic) systems $oud be included which are usually
described in dfferential equations. Until now thereis amost no knavledge based system shell
which can ded with dynamic models - remember that an explanation function then is also
required for dynamic models.

While algebraic equation knavledge uses forward- or badkward-chaining inference in most
cases, differential equation knawledge is applied for continuows sSmulation and parameter fitting
algorithms. | exped that integration d dynamic modelsin knowledge based systems will gredaly
enhance development of knowledge based systems for medicd applicaions.

Alignment Matricesfor M odeling Complex I nteractions between DNA and
Regulatory Proteins

Gerad Z. Hertz, Gary D. Stormo
Department of MCD Biology
University of Colorado

Using log-likelihoodstatistics to compare sequence di gnments, we have been able to determine
alignments from multiple, urdligned, functionally related, DNA and protein sequences. The
scoring formula we have used previously does nat alow for insertions and celetions in the
alignments. We have now used large-deviation statistics to extend the scoring formulato all ow
for insertions and cHletions. The insertion-deletion penaty of this scoring scheme depends
exclusively on the observed alignment rather than on pevious observations or the user’s
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intuition. We dso describe how to incorporate arrelations between pasitions of the di gnment
and describe the dose relationship between ou formulas and hdden Markov models. Finally,
we present results of applying this new scoring formulato align a set of E. coli promoter DNA
sequencesto derive complex alignment patterns that can paentially be used to identify promo-
tersin the E. coli genome.

Reasoning from Experimentsto Causal Modelsin Molealar Cell Biology

Jeremy Wertheimer
Artificial Intelli gence Laboratory
MIT

| describe asystem that represents and reasons abou experiments and causal models in the
domain of moleaular cdl biology. Given a description d an experiment, the system computes
the ramifications of the experiment onthe caisal models of the relevant cdlular mechanisms.
The system can automaticdly generate caisal diagram - of the type foundin textbooks and
survey articles - from descriptions of experimental data. These models can be used for
medanism-based retrieval of biologicad reseach articles. This research contributes a representa
tionfor experiments and causal modelsin moleaular cdl biology, and a set of inference methods
for reasoning abou these experiments and models.
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