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2. Description of the Prior Art:

Cell biologists face a major challenge distilling the vast quantity

20  of new data that is being generated at heretofore unprecedented rates. At
present, hundreds of biological databases are listed in DBCAT, the
INFOBIOGEN biological database catalog accessible from the World Wide

Web  (http://www.infobiogen.fr/services/dbcat/) and available publicly
through the National Center for BioTechnology Information (http://www.ncbi

25 nlm.nih.gov). This information explosion has been driven by the continuous
‘development of information technology such as the Internet as well as the
development of powerful new technologies for automatically collecting and
storing data such as in gene sequencing and gene expression profiling. These
databases contain genomic, biochemical, chemical and molecular bioiogy data

30 as well as structural data comprising geometric and anatomical information
from the subcellular to the whole organism level. Some of these data are
organized by data type including, for example, the International Nucleic Acid

Sequence Data Library (a.k.a. GenBank) and NAD for nucleic acid sequences;
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Efforts to organize and analyze the vast amount of genomic data
have stimulated the development of a new field of computational science
known as bioinformatics; the science of using computers and software to

20 store, extract, organize, analyze, interpret and utilize gene sequence data to
identify new genes and gene function- in order to understand the genetic basis
of disease and to further gene-based drug discovery and development. This
approach typically uses a one-dimensional computational analysis to study
explicit information about the genome such as percentage of gene sequence

25  similarity across species, homology of sequence motifs across species,
expression levels in various tissue types, secondary structure correlations, etc.
Although the acquisition of genomic information is clearly essential, there is
growing recognition that conventional methods are insufficient for correlating
that information with the functional role of genes and gene products. Rather,

30 in all cells, genetic expression produces self-organizing networks controlling

cell functions, including developmental pathways, progression through cell

cycle, metabolism, intracellular signaling, cell excitability gnd motility, and
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Smolen P., Rinzel J., Sherman A. (1993) Biophys J. 64(6): 1668-80, Shepherd
G.M.et al (1998) Trends Neurosci 21(11): 460-8). This approach provides a
20 means to link experimental data regarding specific biological processes to cell
function. The culmination of this 40 year history can be seen in several
efforts such as the nationally funded efforts, The Human Brain Project and the
Virtual Cell Project. The Human Brain Project is a multi-agency funded
multi-site effort to organize and utilize diverse data about the brain and
25  behavior. The Virtual Cell project has developed a framework for organizing,
modeling, simulating, and visualizing cell structure and physiology.
However, these projects lack an overall ability to link to existing genetic,
protein and structural data bases. In addition, these projects have not defined
procedures for modeling biological systems using information stored in local
30 or distributed databases. As such, detailed and accurate repres_entations of the

many different simultaneous subcellular and cellular processes and the effect



presently possible. Wiat is needed therefore are new conputer based tools
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biological information which is used to generate at least one data structure

having at least one attribute associated therewith; (b) a user interface for

interactively viewing and editing attributes the data structure to create at least

one hierarchical description of subcellular, cellular, tissue or organ function;

20 (c) an equation generation engine operative to generate at least one

mathematical equation from at least one hierarchical description; and (d) a

computational engine operative on at least one mathematical equation to
model dynamic biological behavior.

Advantageously, the system of the present invention can access

25 and tabulate genetic information contained within proprietary and

nonproprietary databases, combine this with functional information on the

biochemical and biophysical role of gene products and based on this

information; formulate, solve and analyze computational models of genetic,

biochemical and biophysical processes within cells. and higher order

30 biological systems. The system of the invention therefore provides a dynamic

tool for quantitative understanding of biological processes, identifying new

drug targets for therapeutic intervention and predicting the outcome of drug



hi ghly conpl ex nonlinear dynam c interactions that occur between each gene
or gene product. In another aspect of the invention there is provided a
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20 the prior art.

In yet another aspect of the present invention there is provided a
method for creating a model of biological information for use with a computer
system, comprising: (a) accessing at least one database containing biological
information; (b) generating a plurality of data structures, each having at least

25 one attribute associated therewith; (c) interactively viewing editing or linking
the plurality of data structures to generate at least one hierarchical description
of a biological system; and (d) utilizing a at least one computational engine
to mathematically generate at least one model of a biological system
reflective of the multiple time frames inherent in biological processes.

30 In still another aspect of the invention there is provided a

method for linking models of subcellular and cellular processes to systems

processes comprising: (a) generating at least one hierarchical description of



information, the hierarchical description generated froma data structure
havi ng at | east one attribute associated therewith; (b) generating at |east
one hi erapomiosals descri ption of cellular function by |inkcagsaymoss al ity
of attributes 5 of subcellular function frémthe hierarchical description
of subcellular function; (c) generating at one | east hierarchical
description ofsubystierr fFungidonfrby |aKeag anel Waddbdsy @bnadikinigbwiekhgiéal
cellular function fromthe hierarchical description of cellular function;
and (d) utiliZnfermatiqreathe birrarchoesdudesarinitin @sgeraded ofrpmx Redata caiucyure
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t he present i ntion: kG, i at h S Lcti t
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converted to Qﬁ@iﬂéhicﬂoﬁés&ipﬁoﬁof?c_eﬂuhiroﬁhlcﬁ!oﬁg_r@Hllidd? u&ﬂmhF% fdast bhew
of information to produce hierarchical descriptions of subcellular and

cel lul ar functcomputationdli etgiEDIodafathematipaldy ggepntade yatsiqagt tameemoBel of a
defines a,hi nary, dat 25 structure, and, PDS defines a pathway dat .
st uct ur o10F; @idlpeial siled tialty® ef 3 worviear sYSients "BaF et s this
Bi nary Data StijGidics HRERatidY oF hlﬁlﬁ?*&}ﬂﬁiﬁ% M&ﬁféﬁbio’f&%aﬁs;‘s‘tédﬁﬁ rates a

Binary Data Structure representing a gene regul atory twork; FIG 7 is
a schematic diagramillustrating the flow of information used to generate
structural, finite-elenent_cell_nodels: WO 01/057775 PCT/USQ1/01988 -7
FIG 8 illustrates a bi ocB8HdS] RIPTLONOETHE PRAWINGS| st rates a

nai ve (qui escent) si gnaITﬁer a}%g&q&i‘ Uvill

15 advantages will become apparent when reference is made to the following

2 a

be more fully understood and further

detailed description and the accompanying drawings in which:

FIG. 1 is a schematic diagram illustrating the overall flow of
operations through the system of the present invention;

FIG. 2 is a Pathway Data Structure depicting the topology of the

20 pyruvate dehydrogenase reaction in which pyruvate is converted to acetyl-
CoA;

FIG. 3 is a block diagram illustrating the flow of information to
produce hierarchical descriptions of subcellular and cellular function in
which EDS defines an elementary structure, BDS defines a binary data

25 structure, and PDS defines a pathway data structure;

FIG. 4 depicts a Binary Data Structure;

FIG. 5 illustrates a Binary Data Structure modeling a
biophysical process;

FIG. 6 illustrates a Binary Data Structure representing a gene

30 regulatory network;
FIG. 7 is a schematic diagram illustrating the flow of

information used to generate structural, finite-element cell models;



pat hway for P13 kinase in Tcells; FIG 9b illustrates activation of a
signal transduction pathway for P13 kinase in Tcells; FIG 9c illustrates
i nhi bi ti owoaf/087735 gnal transduction pathway for P 13 ki n®@sa/tisa1/ioes | s;
FIG 10 sets forth a nodel of Tcell diffeffentiation in rheumatoid
arthritis; FIG 11 sets forth a nodel of inhibition of Tcell

differentiation in rhepr@@iduardtbs hbisciRidal Radtibn @btWik:a therapy; FIG
12a sets forth a nodel of Tcell differentiation fromTOto Thl; FIG 12b

sets forth a nodel of TEEG{ dalilysiraset ¢ apiven(dquicseemsignal ThasdEt@n 13

provi des an e>i)%% % ?19%%&55%%'1"% report generated by the systemof the
i nvention in respo ’deI ing query; FIG 14 provides an

illustrative graphi cal IFTIIL‘le9b b fttted Beti MR OYyNARIgat RAASRIHdN pathway
concentrations or levels in a T-cell that is characteristic of the

behavi or of tHat Pédiinasena Teellsharacteristic of the signaling wi t hin the

T-cell. FIG 15 illustr ti Si.involved during
t he activation of Tcel |@§D%‘tsgﬁf%%%\i&%ﬁ“?‘aé f@%&?ﬁgﬁfﬁ R/@ﬁ%?’ He
present inventfooR1prkinasdein Bealls;ti di mensi onal conputational tool capable
of integrating biological know eoflge across all levels of analysis ranging
fromthat of the gene tHl@ntl s¢is toHb agapdel ¢f Seelé differentpganinThis is
acconpl i shed by.@ngd3l aonad, ™t hod which incorporates at |east one

dat abase that stores biologié¢al information, an interface which displays,
| i nks, organi zes and miﬂl(hL=lss¢tba‘brthmfmodaltoblmhﬂatndnaﬁMBMfﬂﬂahtmuon

oper at e on t & FHTGFIAA SHOCHR S [P O AtMBARE o automati cal |y
formul ate, solve and arﬂ(ﬂﬁl;ﬁ@é’f@%ﬁh 'a%ahelmdﬁéeﬁl BitferBhASAEMEHM TERCL T ON
net wor ks, bi oprllay5| cal nmechani sns, and in general
FIG. 12b sets forth a model of Tcell differentiation from TO to
Th2;
FIG. 13 provides an example of a descriptive report generated
by the system of the invention in response to a specific modeling query;
FIG. 14 provides an illustrative graphical model output for the
dynamic change in concentrations or levels in a T-cell that is characteristic
of the behavior of that cell, and is characteristic of the signaling within the
T-cell.
FIG. 15 illustrates the various reaction pathways involved

during the activation of Tcells;

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention provides a multidimensional
computational tool capable of integrating biological knowledge across all
levels of analysis ranging from that of the gene to that of the cell, tissue and
organ. This is accomplished by a system and method which incorporates at
least one database that stores biological information, an interface which

displays, links, organizes and modifies that information, and computational

RECTIFIED SHEET (RULE 91)



dynam c processes at the subcellular, cellular, tissue, and organ level. 5
More specifically, the present invention is an interactive

conput er -wopliesem ed system for mathematically nodeling bipolragouedoss
information fromthe subcellular to the edldular, tissue, and organ | evel
conprising: (a) at |east one database containing biological information
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interactively aMiteiatigallandotmiilsie)g sbbgetdigl @afalyzebudoespithtiophlurmbdely aff
data structures to create at |east one hierarchical description of

subcel | ul ar, ceibthgmical tieagtien onetyraghs biaphysicgh; meehanismeg@ad; gh general

generation engjine aperati've to.generate, at | east . . one t ical equation
fromat | east _‘i?’ﬁ‘@“HEé’rrB?%sﬁF%ﬁﬁ th%e ?)FFBHaB’_rﬁelgﬁ%f’ i’gs'ﬂed)arﬁg %%%E‘%\getql onal

engi ne opgrative on at \RRs! sPOSHLRNPLME! ¢adseRflUalvieRlont @s MBslekntEheaivieC

bi ol ogi cal' behavior. The systemof the present invention uses

conput er - i npl esvempedr-imphdmerted| ispktegentari enathematitatyl avodehingr raelogicalo

the topol ogical and kinetic _propertjes of bioc i cal. and biophysi cal
processes wit hinforaration fremsihes sabyes] abﬁ%a‘ﬁ%,“ﬂﬁmﬁrvo‘i}ﬁ@’ f%ﬁlcfp)%aﬁ‘aﬁevel

i nformation on_the.bi o_chﬁg})caql 1ea0d Opghgﬁgﬁgsgg'bg@hir{sigé ﬁ?igﬁ%%‘gg{e iRPRYaLS.

and the effect®NEFE0F o iol ogical = systens. I tronis coupled

to conput ati onghicANGi MeE thakn&rate alhaiiay idfaddy shocturteatayiighelesnoeet ,

sol ve and analyze properties of conputational nodels of genetic, . .

bi ocheni dél aradtriiwplagsocatedpthgtevsishss (B aviiseniiricrlase dof sxPragtiyebh¥lewingt hi s

way, it is possibl.e.to address th fupctiongl. ro I

mol ecul ar/ geneat‘idcl‘%’rﬂgoﬁ%gﬁtg?rr _6m1§meéh&_§ P@&%EP’ ?éﬁg%nﬁa%gg%‘?yst ggi%geear%?i%ty

optimal pointsof thenapeithical QESIYRI OF subctitifr! beBglaRDeighse aRdorigan
nunerically screen” | ead conpounds for functional effects on these

nmodel s. 30 Reffantiion; n@)y 410 ethatich @snaiont éegive iapesdtovn té geAepie At Jeast

schematic diagramillustrating t fl ow ns of.the system

of the preserfne H\?éhﬁm%tﬁ‘?alcféﬂ@ﬁggl g'\ég{ gtlt gfst PH&%@F@%@F%&&“’% dbse
1, 9280 NS TP AR e LR MEA sl
the system equahb@#l ganeniatbiologit)itehalibrand a conputational engine 22.

The system of the present invention uses computer-implemented

tools to link genetic and molecular information to the topological and kinetic

properties of biochemical and biophysical processes within cells, tissues and

20 organs, to provide functional information on the biochemical and

physiological role of gene products, and the effect thereof on biological

systems. This information is coupled to computational engines that can

automatically formulate, interconnect, solve and analyze properties of

computational models of genetic, biochemical and biophysical processes

25 within biological systems. In this way, it is possible to address the

functional role played by each molecular/genetic component from which a

model is composed, to identify optimal points of therapeutic intervention

within these models and to "numerically screen" lead compounds for

functional effects on these models.
30 ‘ Referring now to the drawings, there isl shown in Fig. 1 a
schematic diagram illustrating the overall flow of operations of the system of

the present invention. Generally stated, the system includes database 11, data



5 Dat abases Dat abase 11 enconpasses both internal and external databases.
External refers to databases designed to store and organi ze bi ol ogi cal

i nf or mat iw0,0108M77whi ch were not designed explicitly to bepcoasbedssth the
subcel lul ar, cellular, tissue and organ s®deling, sinmulation, and anal ysis
tools 10 described herein. Internal refers to databases wth a specific

structure (t QtrQ&uréjeff[%%%ﬂ;déa?ngﬁfﬁﬂyﬁ%e %tfbpﬂﬁ}er‘é&ﬁ%‘ CQ,F,%CQG@'E#QH?}%

explicitly to suppor 1on, sinulation, and analysis o

subcel I ul ar, jgRthuien @adraystignshe npsehs. eqwitiymngtnaatorxémyinal24dandbases

i ncl ude those containing gene and protein sequences, biochem cal and

bi ophysi cal powputéenal degieeilsi ons of 15 cellular, tissue and organ

physi cal structure, experinmentally validated nodels of biochem cal and
physi ol ogi cal processes, or nodels previously generated by the system
Advant agegusips, glafeabase 11 may contain one or any number of the foregoing
dat abases. Any neans for accessing and searching external and internal 20
dat abases may be used Datibwsepllesacempassesttioohn.in®ypalcand pxtenealedatebdses.

i nclude: conmmercial database front-ends wth ueries, web-b

y SQL sed .
sol utions suEntegalpaeferscia latabangs jdeuened etp (BO1S gr ORGAULE| ﬁ’é’?‘?%‘ﬁﬁ{ e

dat abases, as | ]..as ¢r ~ r m,soft : val |

exanple, f rbrf#%ﬁ%ﬂ?’cgu%gvﬁ%&{ %glé?etr@s&%?{def’%@géglyséstg %nc?a b Fer?cm?xcgﬁ and.
CA) 25 and Netdeemil£S cbNtlar (Gsiealminstgaphoddlnig siablatidnabas enalystsl wdés

t hose that have been generated from the data extracted fromthe external

dat abaseb0 as desribedshetaina huidehl rpfars ép slatahages mathyp spreidie) stiadnrg dedvd ace.
Such data may inglude experinental. data, . including, .for..e I

descri pti ons‘yiﬁﬁ’rcr&egclﬂeﬁﬁb 5‘?“%‘2&6&“9%%30‘?161&#‘@5? 6‘%?85&‘?&8??5'”& E?Rp%%vf/hebe
data gener at ?&nﬂﬁaﬁ%ﬁe%%ﬁlaﬁfoncodﬂwtaﬁﬁlyﬁﬁd%k' AfbcBMuldre ceHMBreand B3bRms
generated and stored by the | nfernal databases are manipul ated uSing

commer ci al | ynmdeld. aihernd] end -extdranl dambases imslladé dinede dentalnisg gage and

01/ 057775 PCT/ US01/01988 - 10 nanagenent, systens, such as O acl.e .Corp.
(Redwood Ci t Proteis) seqNaness, bF?Fé‘.eml(J%néﬁgv HOPB,YS‘(% Progesses of¢RCKIPERRS | of

o el Che BB AN s, Bl s ore
dat abases st-gf @iodHepiigal had phiysidiegica) processes, or models previously generated

by the system. Advantageously, database 11 may contain one or any number

of the féregoing databases.

Any means for accessing and searching external and internal

20 databases may be used in the present invention. Typically these would
include: commercial database front-ends with SQL queries, web-based
solutions such as Perl scripts and Java-based tools for accessing remote
databases, as well as cross-platform software tools available, for example,
from Genomica Corp. (Boulder, CO), Pangea Systems, Inc. (Oakland. CA)

25 and NetGenics Inc. (Cleveland, OH).

Internal databases include those that have been generated from
the data extracted from the external databases as well as data added by users
via the graphical user interface. Such data may include experimental data
including, for example, new descriptions of biochemical and physiological

30  processes, or it may be data generated as a result of computer modeling by the
system. Data generated and stored by the internal databases are manipulated

using commercially available object-relational or relational database



5 topol ogy; (b) kinetics; and (c) interconnectivity between various genetic
and biochem cal reaction networks (BRN'S) within cells. These are

generi calwgoisf/esred to as internal biochem cal dat abasegCharsei/o9ss n t he
context of the present invention, topologlOrefers to the pattern of
interactions within a specific genetic or biochem cal reaction 10 network;
ki neti cs 1 ef g nfdhe S EREH QR GrRIDTAP! EREORbod IS DANTBYHAAB, Wid.h
the |l aws of nass -action; determ ne the dynam ¢ behavi or of such reaction
net wor k proceEaRsy vy dAY,erchifioesixi (Neylor Bide A) drhesispendrkip Ipegungss of
coupling between different genetic and bi ochem ﬁaf( reaction slr@lﬁv%r ks within
the cell whi shchasuBEME pre¥Mlyl &l dewhifhorre FRtsknqwe 1P e r$iaehAH N cal

15 dat abases .store the. intergon L an i.nc i -t he.ra
constants asSovi dPlé’d)r{al%lrye\AﬁTeh T]ﬁfeté}rlﬂea%?%R[gyﬁtflraai/ﬁfgwgtigl?rp?%, erhe(a%RN
for the pyr ggﬁél%rgglelwﬁkﬁ%i%? lﬁzrllde Qa};tﬂteﬁoinﬂem&i@ﬂ beywestaveribss gemaér aed t o

acetyl- CoAis illustrated in . Information on this BRN which is

stored in théiodhneicahredsitioshaetivaaks (BRAWS3 exithincrellies Biesh ¢ gemerically
i nternmedi ates involved jn 20 Lhe reaction, the enzl}/rres i nvol ved in
det er mi ni ng wRkeTFesk © ay inggrngh bioglemi s§¥ BE™Me formed (al ong with

lists of co-factors i nfﬂnuﬂ‘[éci:gﬂe;{pﬁf tfl@%t‘:gé}ﬁ QLR SHC oo PHrefetTREAE UM €,

and the |like) and the reaction pathways ~ connecting these internediates.

These dat abaggsest S6f iin@radfomgualiiiiat a vepedifia genetic as tiekhemalal , reaction
cel | -nol ecul e, nol ecul e-nol ecul e interactions, cell gLOWLh 25, rat.es, .
bi ndi ng ¢8nsmetwerk;ddneides redeisdn the reagtionprate eppyantsdhab in CQPRUCHAN it .

cell, cell- ecul e, and nol ecul e | ecul & i ti . t i )
e oebunthE o TGS TR R e Besial bonsiardriien iion,
conpl ex repr gzeRbal i RBcsesuhng! Intbbnnectiviyy aef@ndics tht espafiavpaints bife

i nternal biochem cal” databases store genetic and 30 bi ochem cal reaction
networ k dat a donplingehetveen diffkeat gonetidaadttiechemicahreantion neWRsks Wathibn of

reerstcal 20 oMU LSRR Ak IRERS, LIS Al tmica

PCT/ US01/919 tab-aﬂs%s tdiGaes ks Wﬁg?@&ﬁlegﬁﬁﬁt {dpoRhsly, DiRGENECele AT Eonstdrtbi N
t he internal I ochem cal database into a group of synbolic equations and
%éll\&tfpr ithat es

nunerical  suRsedihiedetheaswithj ddredadhh BRI t Bywhay tofagxanspler ée

of these entities. As djscussed in. nore dgt%il | at er,. use of &Qese
attributes alnyswatengehydrogenase reaction in which pyruvate 1s converted 10 acetyl-

CoA is illustrated in FIG. 2. Information on this BRN which is stored in the

internal biochemical databases includes each of the intermediates involved in

20 the reaction, the enzymes involved in determining the rate at which the

intermediates are formed (along with lists of co-factors influencing the

reaction rate such‘ as pH, temperature, and the like) and the reaction pathways

connecting these intermediates. These databases also include qualitative data

such as cell-cell, cell-molecule, molecule-molecule interactions, cell growth

25 rates, binding constants, concentration effects of cells and molecules on cell-

cell, cell-molecule, and molecule-molecule interactions and the like.

Advantageously, more than one BRN may be linked together to provide a
more complex representation of subcellular, cellular and system behavior.

The internal biochemical databases store genetic and

30 biochemical reaction network data in a way that makes possible the

hierarchical construction of mathematical and computational models of these

networks from their underlying components. Equation generation engine 24



5 user to sinmulate and view functional behavior of this entity (based on
the genetic/biochem cal properties of interest) by way of graphical user

i nt erf acew023/05Aamt conput ati onal engine 22. In this way, PoE/GSYrI®8s nakes
it possible to I|ink genetic and nol ecular; information to functi onal

i nformation regarding subcellular, cellular and system pr ocesses
Preferably, each.of these attri butes SOCI ted th t

bi ochem cal SWt“leqr&s a?%gl i ﬁﬁ?ﬁﬁfesaw n@lo 61 |ennt\;{)¥1 oc\é”stg|l hroug I%F (Iil cit

tinme constantgodiRalical Qataizti e #f gloupebf Ty'hﬁicﬂi% eqlBtisnd! dfdsugdrRgel to
incorporate multiple tinme franes to account di sease progression in

cel I ul ar and sapstwtimesvdsiosiathetheroritenvbah reacstoond aseamllbhses( BRNtesean

be conpartnental. ze a set of BRNs can be 1 gat her intg different
conpar t ment s CBHERS- fA%\Hi'S&HS%%%QPéedPW EIS usﬁt‘? hﬁ?ﬁ? air fhS 3sO¥Wsthece

area, internal \ 0‘# légﬁ];] er eﬂf& LY v?%pg%?ﬁ%]lege%avnp D tﬁpsnex?{l gﬁased ~on the

representati ons ave speC| I C reac ns an

nol ecul es t h@%nétné/@i@&ienbyap?ﬂﬁﬁm@ bhintesnabt mrytobgwp@@day ush @medface
reaction carries a molecule frominside a conpartnment (cell) to its

outsi de, 20 ZAAdandhsommitationad enginendd {mkhin wan chenapstaer maebepHrpassitle to

(cell), the cells are t|n wi th eac and. i s _one as a
ti ssue nodel (im,& EERAt ‘é‘c&flg %‘QPF é‘? Ogﬁ%tl%tbﬁ%;ﬁupﬁﬂﬂpalbg&'ﬂggﬁg}ogr{gggﬁdgg%h to
anot her ol e%HB@elhﬁéut taeml%ﬂwsk@ﬁ SOSRMS "BRle@Bly, (AR JTIRERSAN Butes
cell-cell contact anot héer aspect of a tissue nodel. This process
can be budlt a8|$1)ch)a/£ed multhldhaﬂgeaéﬂlc 2bd tiechealitalt grpisesaaido umiudesmmr;t delaysve
nunbers and thus build a conplete tissue. In_ the s%ne hi erarchi cal way

the tissue cM&?‘i%ﬁbE"%’éﬁ“PRBH“BE‘“E%B“PB“ babare TSI Wso? E%tlcﬂaﬁﬁrrber
of databases-gre a?r%él{%“ od¥{(ld 3L SpBlat@l RufiHfIE bl ¢ n%d&ggg\ psee
0 nnal s

e.g., Popel et al Sroci T curatton yS| one roj ect of

Bi onedi cal Edagease proxgreBsidn Ih T e{LP489nd shean madelbaskse bmhbmlcmaaaetdomnd
organi zed by known software tools which help users build and_organize

dat abases su@htva@ksf@RéBSén?ﬁDe bet ﬁ@@éaammaémeé firomaneeo PLOBRNSS can be
T USO80, e 20 B R AEAT. B sy TN, UG
user interfagaripdrf sdclheﬁsuﬁ@é@mgeﬁnarnal abEendveidonkdteyvanidng $tBafl. IThis
avail abl e. The internal databases will also represent and store information
can create representations of different cells that have specific reactions and
molecules that interact by crossing the compartment boundary. When a
reaction carries a molecule from inside a compartment (cell) to its outside,

20  and that molecule is then taken into another compartment (cell), the cells are
communicating with each other and is one aspect of a tissue model. A
molecule can sit on one compartment boundary and attach to another molecule
sitting on another compartment and this represents cell-cell contact and is
another aspect of a tissue model. This process can be built up by including all

25  the cell types and their quantitative numbers and thus build a complete tissue.

In the same hierarchical way, the tissue compartments can then be used to
create whole organs.

A number of databases are presently available or are currently
being developed, see e.g., Popel et al., The Microcirculation Physiome

30 Project, 26 Annals of Biomedical Engineering 911-913 (1998). These

databases can be created and organized by known software tools which help

users build and organize databases such as, for example. those available from



5 regardi ng bi ophysical processes within cells, tissues and organs. These

i nternal biophysical databases contain information on the physical

properti e&0 000517®| ogi cal processes required to fornul at e Peatusenewdssal and
conput ati onal nodels of these processes;l2for exanple, ion channels and
currents, nenbrane transport systens such as punps and exchangers,

nmenbr ane recept qr nd i L d i iPhind &dverwaakl ul ar
process. Oncg’??cg?nucfafgf é(%’gdar'gggﬁf% ’yg%&zégsgyggee?%@gtaﬁéggslgas@attri but eg a
group of syrrkmlaéa%tieat?ﬁbmal appkesontations alia guiphicali nes iatataseal boftthesewi t h
which allow the user to sinulate and view cell_ function (based on the

bi ophysi cal datapasdsias abfo etldinown and seadglyapyaitalle.user interface 23,

equati on generation engflg’geiin%% P%Bga{:al% e%&\%%lg)%&%l reﬁes%ggiaﬂﬁ Stére iﬁﬁ?‘?‘ﬁﬁyt o

these attributes may al I'n" ‘processes, ena

i ncor poratio il : LTEpidRERS- Withif! 6éils, datsRasesd alrgand onPhise
i nt ernal %trg%g%&crha %?a@alﬁgges pV\/ni ch cor%t ain i nf’_ormati on on the physical
structure angntgpal ikbphgiedli databases doataisanforardtiomson thapblysicsl praperics

given cell, as well as the relationships 20 betweEE cells ‘kg ti ssugs agd
organs. Typi o&biglogical pro¢mssenaguaiedi o formuiate mpathemaiical and compRREICGRY |
i mage data obtaj ned.fromdifferen rr%)g L fr&its e hRgARP N
serial secti &fgf,ei]scgﬁkbeéglprg%erslsgﬁ Esﬂoec | (;%Jlrpsl%’ fov?loépn%te%)sn d'jlg&err scanni ng

serial secti gngs)dRAFRdHs [SBERNANBEmPFBYRS ex plosigergnmenibssnonecaptors gamphy
i mages and the |'1ke. "Optionally, the three-di nensional i ma(ge 2 datla g‘ay be
further 10ansfgmahecnsduction pattways fori ;g enet At PHRSEES s MaG9eel | |

ti ssue and organ shape and spatial place t of g . S
therewi t hi n ¢agh Qﬁy%‘ﬁ?‘ B?Rﬂer@oﬁtﬁﬁ?sa% gﬁ%%&ﬁd’egfcﬁ{é’ %%&%gg%i@%é&%#&%e
di scussed in ' Yeialld Hiekewh Whidel sl@enae aised d sinulatde
t hr ee-di rrensing%lg?{cggtsgﬁgﬁiedng??ggstlgr ed in the structural databases. The 30
structural dahabdsescélhfancrion basddnborimat biophpsicalnpraperties of uptessstlvVag

cellular, tissue and organ structure and spatial rel.atiQnshi whi in
conj unct i on \sirephiedeusesitatssfage, 2hi GURERD neﬁ?ﬁborbf’%ﬂflﬁc%\?d gg?]%{éaggg,ai WO

01/ 057775 .PCT/ USQ1/,0198§ . - [ bhfee Ak aRCesdady tilecpiédycen a
conpl ete ﬁmdgpgglre sngce u'fl%%?e’ g{eﬁg?u?ﬁlﬁ, ti ssurg gnd organ functi on?} As

with ot her d3/ghR85&S enbbRng the didorpbrativatehaskipletimdEamest i cly available

or it may consist of a novel or proprietar dat abase.
Y Internal data%asgs also c%mprlse internal structural databases

which contain information on the physical structure and spatial relationship
between various organelles within a given cell, as well as the relationships
70 between cells in tissues and organs. Typically, this information is in the form
of three-dimensional image data obtained from different modalities (e.g.
electron micrograph serial sections, confocal serial sections, two-photon laser
scanning serial sections, magnetic resonance images, position emission
tomography images and the like. Optionally, the three-dimensional image
25 data may be further transformed into structural finite-element models
describing cell, tissue and organ shape and spatial placement of organelles
and/or cells therewithin via an optional computational modeling engine which
will be discussed in greater detail below. Structural models generated from
the three-dimensional data are also stored in the structural databases. The
30  structural databases thus contain information on anatomical subcellular,
cellular, tissue and organ structure and spatial relationships which, in

conjunction with the molecular, biochemical and biophysical databases,



5 By way of exanple, the precise geonetry of and the spatial relationship
bet ween cardi ac T-tubules and their associated L-type calcium ("Ca")
channel s wopd1o0yanddi ne- sensitive Ca rel ease channel s in tReT/Gsar/eps asm c
reti cul um menbrane provides information dh-the properties of

cal ciuminduced cal ciumrel ease, and therefore nechanical force generation
in 10 cardiac nusclg cells. Li | SE, t 0 i

| ocati on of pr@&‘%ﬁaﬁﬁeﬁ%{aaﬁla%é-gﬁggl%ﬂtog g%on? ggg&d%&chgon&ﬁzafp?%&aﬁggl?%ry

hair cells o@il‘ﬁ‘fir@ﬁtﬁssh@fﬁfdﬁaﬁ%&ﬂf@b;m&n.tfh@ witkcéthec alatdhanesyghef sttusemicel | s
or know edge of the spatial Tocation of subcellular processes in specific
cel | organeldatshases qay e poklhcydiadiableeapit maay é‘P}f}Slﬁﬁ'%f\% &@‘éeltq{é’rPHT‘SF%ti on
necessary for a conplete 15 and accurate nodel of the entire cell.

Ext er nal ~datdaaRas§- used in the present invention nmay be accessible through

known Cog‘gﬁr cial channg Swggi&h@xéxﬂgf"eﬁ NGk proéPieCabbetryt HE 2R dhicabnars

contain e sequence, protein sequence and three dinensional structural

data on eachefftaiship/®Btwédn aahiioc emndés medcthetmagocisedvdr-kypei calichin

given cell or larger biological system but certainly any .t e-1 af dt%ta
€'5r g&n €

useful to deVe€abp ploatuleds oﬁn‘éuﬁfé@lqddn%‘ls‘?nﬁégfvful ,_rql %Sé*ue"h&ﬁg
(U190 |2 S SR he R B Tk GO B ataces

such mng 1 ncreasingly sta I zed so

that access .jiQua-Y{dRlaiiugi Mgse, sad ahasfse nfechasiiabf@ce generatinglin
application. See e.g., 25 Markowitz et al., Characterizing Heterogenequs
Mol ecul a0 Bi@irdigy Daseleasdls. Sjiskewise, 2nfprmagapuebout; e, physicat Jgction of

Advant ageously, the syst of e present. i nvention acc k.l zes
data from t Heawshagrsla 2 %‘bﬁé‘é%éﬂatagr Pﬂ‘ﬁ*"?wa’m"%@?%% i ghn.a%iﬁgé'r ?1%?5 \L/gee:uﬁ, t he
system may tr I |l i QR1t8ER sethrbasess dnkiowdigbef

dat abase (n r%?c%l‘lee%tlflﬁ}gnd%dqnn&%% tgggl{%'rin fort g% | at er uses. The i nf %r mat i on

in internal watahane 18datich of gabielbdar procemes istspeedicaselitorganalesofes-dat a

structure which is used to construct at Iear%t one WO 01/ 057{75 ¢
PCT/ US01/ 0198#@ochondrishokespirafloB BEYIfTA e IRrmagiop Regessalys ol i CpPPiEsses.

Pr ef eratb]]!%,n thdegqc}:zé%% lrts}it)é‘ér.if:éﬁli_lg ﬁ%&?‘g%ﬁes ei ther a group of hierarchical

descrip cel r and system function 17.
Al ternatively, the datBxtdrhalCtdsisbasespusesiesin ahat prasenl idaemtist rmeyubes
descri bing the physical organization and struct &Jl’%r the Internet. Typicall
accessible through known commercial channels yp Y,
these databases contain gene sequence, protein sequence and three
dimensional structural data on each constituent of a biochemical reaction
20 network within a given cell or larger biological system, but certainly any type
of data useful to develop models of subcellular, cellular, tissue and organ
function is within the scope of the present invention. External databases such
as those on the Internet are becoming increasingly standardized so that access
to a variety of diverse databases is possible in a single application. See e.g.,
25  Markowitz et al., Characterizing Heterogeneous Molecular Biology Database
Systems, 2 J. Comput. Biol. 547-556 (1995). Advantageously, the system of
the present invention accesses and utilizes data from the external databases
during model creation. Alternatively, the system may transfer the information
from these databases into another database (not identified) in the system for
30 later use.

The information in internal database 11 is organized into and

stored as at least one data structure which is used to construct at least one



5 of biological cells, tissues and organs. Data Structures Data structure
refers to a group of interdependent data generated frominformation

obt ai ned Woemiosi7ter at ure, experi nents, expert informati onPCIWSanaiosht er nal
information. Typically, data structures-.ade- constructed by nmeans of the
graphi cal user interface and the information available in the database 11.

ToSY Ty 8l S ey S SRS HY WRRISL SIS eS| bREASR! & PREFHRRIY! Fhe data

residing in generatéd from ogical inputs (e.g.,

experi ment al sfat ke MnPphifte SiiteNyrdapaphitabrdiderl desceiptionest swetedadabases
15 can in turn be devel oped using software tools such as those avail abl e

from M crosetHulaReonbsystemAfunctionrlde| dl@snpidyelyi she drREEIFEBEIUES COMPEIRPS
Referring to FIG 3, data structure 17.conprises ele y d ure
16, binary d@p&t%lﬁabﬁa%stwtam ‘iﬁéfﬂéﬁ}ﬂ ﬁget Bﬁﬁnglc?{T%%gE%%%nt %ch‘ﬁ%%ﬁllq%ary
19 and pat hway,? - I fromthe | ower |evel data 20
structurei. fﬁgl&g%gsatqcﬁg\%’zﬁ#g?gﬁgfr ctSiJre is the elenentary data
structure ("EDS") 17. Each EDS 17 nmay conprise either a protein i.e., an

entity coded by a gene, or a variable. As used herein, a variable refers
t o anyt hi ng ddtarStruktures gene, whi ch defines interdependencies in cel

processes as for exanpl | ement s.of .1 i r- i such
e L
, or any abstyaft i‘?ﬂ}oﬂﬂﬁ’fg&ﬁ tobtaide® Grdhi Nekrhfite serp&idbns, kixpettemfoahaton

bi ophysi cal process, and which relates to organ, tissue, cellul ar,
subcel | uhar, amdliatathal informagomt Typiaatlyt idete stEMRuULes gycoRSTYCENRY MEIDSt at e

i abl es, t of paramet i ch allow.t | cul ation of i
o the Syst crtaheaErpBhiel Rt IErago R (BEABRTTRB R AE 18t MpstiRe ! ©f
nvention, eaqh ERRJ Sn2pSAL Pelbiribhbh FOCHHANSLNG B6fined dikd Isthusteres For

exanpl e, attributes a protein mght describe the organi sm
i n which the rpgigimi nin s dhpibask 1he spegerddratedD DamostipIeiPAT/ WSMY 06088 -

rotein. the experigumméel Saial HelogBREEET ngUT LT L gEr BRI A eI T RO e
means of 15he CABr MAaRS QEUoPRt A o s R e e o
attributes thysr69M(Re8mdnd, WA) or Oracle Corporation (Redwood City, CA).
Referring to FIG. 3, data structure 17 comprises elementary data
structure 16, binary data structure 19 and pathway data structure 2 with the
binary 19 and pathway 20 data structure formed from the lower level data
20 structures. The lowest level data structure is the elementary data structure
("EDS") 17. Each EDS 17 may comprise either a protein i.e., an entity coded
by a gene, or a variable. As used herein, a variable refers to anything other
than a gene, which defines interdependencies in cell processes as for example,
elements or ions important to cell function such as K*, Na*, Ca*, H, organic
25  or inorganic compounds such as ATP, ADP, P;, or any abstracted quantity
describing the state of a biochemical or biophysical process, and which relates
to organ, tissue, cellular, subcellular, molecular, or genetic function. EDS's
may also comprise state variables, a set of parameters which allow the
calculation of the behavior of the system at a point in time.
30 In accordance with the present invention, each EDS is associated
with an extensive set of attributes. For example, attributes associated with a

protein might describe the organism in which the protein is found, the specific



grouping of pointers to specific portions in database 11 in which specific
informati on associated with each attribute is found. By way of exanple, the
attri but ewoagssuirated with a given protein could be arran@ed/issy@ogani sm
Cel | : Gene: State: Sequence: Structure:lLogation: Model. In this instance,
the 10 attribute "Organisnt is a pointer to the appropriate gene dat abase

the 10 a e "Organisnt s a po o the appropriate gene database
p0i Nt 10" hecll ShEvHFR che Brately et disal Tkt ipse g LM R S

expressed. T r| o SRNCodine FoPTht Snd @nd héo SBRE f i Theengibutes he
dat abase. Thgeequae {c%l %ﬁt{é@ etq;ge?e'c" }%en?i fi esgﬁi he state of the Organism

Cel | : Gene t gegdrBingrehcHESDS Trbeefingt hindchieteathivalhtaresinged tbyesisars of ghe of
the protein such as an age-related paraneter, the presence of a particular
di sease in tBeaphiegliissmintgrigee €8cular time in the progression of a

di sease, or the I|ike. erefore attri : y e | l%‘rrfﬁ
i denti fyiig whi ch parti S8r é?f%géetpg%lf (H?gnﬂggaar?iﬁgﬂ%h?%elﬁu@&ne dlg{eab%se

to search. Taﬁ%lg}ih%i@fl 8intSAAUS RGECificS partistisniedafibate Ideimondehdsieaifia t he
structure of "t géne coding for the protein. The attribute "Structure" is

a pointer toidfoemativaeassooiatesi withl eashr artibute isffound Biy s¥ay of exranlenyihe hat
gene, if known. The attribute "Mdel." is a point fo.a i hi ch
functional neHebytes aﬁf’f@l?fPét‘é‘}tB/D%cﬁ%ﬁn W(’{eﬁ’étco z%ebeaﬁgangg%%gg.é?%rp%%gh
reference hag heen ! & ISRl t glohriiBHEES . IRNthi? InkiahoE Mahe ON
regardi ng bi gle gi 83?32% ei%@gﬂggs\?\futcﬁﬁh% It'e(ﬂ:g scope of the prlesgn_t )

i nventiofy Bhftaibyitel2DRgadisme tisraep¢inBRIo) theapmopiategengsdatakaseposwhicina of
more than one EDS. As nore specifically ill uskéat ed..in 5151,%41,,4 ‘\% 1%
conpri ses seganatvehichraden; o the cRIORIRCTHIAG- ¢ fBe AtUHRYE | bR 10 these
30 EDS'S. In this examle, ERS 1.r I r SHr ughere
cor r espondi nép?cd%gt %eﬁg?}'p%fm 3%@2?@%‘% Z’% }\@ﬁg |tgg9%%% l)24 %@Efsgsent s an

el ementary dai@patd Uhede® GORr poRaditagthieospédfie gencaim thBSd&tabask. EDBhd are
WO 01/ 057775 PCT/USO01/01988 - 16 elenmentary data structures determ ning

the forward atiibinee Rikate ideatifiesitba statapbthe Pegieniall:Fengfirip 488Y on
Stato trihei DeoHOARiAg i mEht ope Ggrisiohdt FF BROEM $8 3 Ph3e RIES ©
at which inforpprian an bhRchaPOkWpaAndidi aRtiesinthdonjnling) aajartiealti on
networks are‘represented. BDS s are generated from .
time in the progression of a disease, or the like. Therefore, the attribute
"State" is a pointer identifying which particular subset of the
Organism:Cell:Gene database to search. The attribute "Sequence" is a pointer
20 to sequence data in the structure of the gene coding for the protein. The
attribute "Structure” is a pointer to the three-dimensional structure of the
protein coded by that gene, if known. The attribute "Model" is a pointer to a
database in which functional models of the protein coded by that gene are
stored. Although reference has been made to protein-related attributes, any
25  information regarding biological entities is within the scope of the present
invention.
Binary data structure ("BDS") 19 is formed as a composition of
more than one EDS. As more specifically illustrated in FIG. 4, BDS 19
comprises separate EDS's with arcs denoting the transitions between these
30 EDS'S. In this example, EDS 1 represents the elementary data structure
corresponding to state 1 of the binary relationship, EDS 2 represents an

elementary data structure corresponding to state 2, and EDS 3 and EDS 4 are



knowl edge of biophysical and biochemni cal pathways within intra and
intercellular systems. They may be derived frominterrogation of existing
bi ol ogi cavodabsiiases, or may be generated using graphical pagarsoi/mmes f ace 23
fromproprietary experinental data. 10 Thie binary relationship illustrated
in FIG 4 has many anal ogues in biological systens. For exanple, the

bi nary rel ati onshi r t TR { i
W hi o the coMB D S T e S .

EDS 1 could E@@E,efﬁ&gbcﬁwlg}/@f&hé Feadtddn detwden ER% 2 awdilsthte SorBsisnbinary
Acetyl - CoA (a variable), EDS 3 could 15 represent the catal ytic_enz

py[) u;/at e dﬁgyetl(smgmtasen (nalsodieiwn as astrtepengitienodiagrans, fr@é‘éltgtD$'ﬁé“¥ the
substrate D (a variable). Alternatiyvel t he_bj nar r | d
represent a @rﬁ‘pie_é(e{ %t?fsstté{%“r@fs 8@8" -181?)ér?1%m8§f’né)flﬂgie)c{%$%%g¥ aﬁ?oﬁﬁ%ﬂgﬁﬁgﬁ?
thus modeli ng; AR OPTALGBY RUGLERS die RipRUntal FI BDSS akd ddiictatclingloance,
EDS 1 cortespon the closed state of an’ion channel (a variable), 20 EDS 2
corresponds k@oWledg@pest stiapkysitalt hmdi drioclivanicel gathways api®jn e Eosl 3
and 4 would be identical and equal to nenbrane poteniial V (vari.abl.es).

The functi onahtedesdbralesreems. t haey rnak s SRTIVEE dTRBNURSTHPEAOM Of FFIKME oy

guantities such as te rature ' Lk i

vari abl es ang’}‘gf’gb‘?agt%??'l S8Y %fepfa:?eg 3&%5%%3@2#@%%@2%5} g‘ééﬁgﬁ%?% may
or 25 may notfr(gﬁg;pﬁﬁétfagfgxp%eﬁmﬁdfaeac;t that a dependence exists woul d be.
As another exanple, a binary representation of a gene regulatory network

iE sf)s ;howﬂlOi n Fl tG 6. :—|e"ﬂazdbilﬁBS/ relpdpnshipritlystaptefnp HI61 Privasaany pRalogUss
represents, a.cl.osed RNA I ] . .

represents a"b_rlﬁﬁiﬂgé?al( f%sé?ré?'n)l?g% ’q%rﬁgfe%ﬁ%%gglé’l%x?o%@{s%gggﬁ )e ag/ir%ﬁ’%g%ﬁ]ﬁnber

of attribut ed—%@gﬁ nsllj?{eﬁw@é(@nm@’ idtBAn BRStdsN Wikl 4hémyomplexevissiehral by

the list Inpu p rate: Brate wherein the attribute "lInput” is
associ at ed Wnlehw&RSsNVA 1h TAG7 2511 iBahed, 8BS 1 cavldireprdsenthpy Fuvale éa

WSL:’EES 3a?y@13§g§“ef%a§“ %E@Eﬁg’r Ares e aSr Ol e SR TE DS L e
e e

i nto existingoli®taatsal tHatabasas NAD (aoudrihtie). uAltdritativgbnehabenartiedata

structure could represent a simple two-state closed-open model of a cardiac

ion channel, thus modeling a biophysical process as shown in FIG. 5. In this

instance, EDS 1 corresponds the closed state of an ion channel (a variable),

20 EDS 2 corresponds to the open state of the ion channel (a variable), and EDS

| 3 and 4 would be identical and equal to membrane potential V (variables).

The functional dependence of the transition rate constants K12 and K21 on

quantities such as temperature, pH, membrane potential, and in general

variables and/or proteins as defined previously, on membrane potential may or

25 may not be specified, but the fact that a dependence exists would be. As

another example, a binary representation of a gene regulatory network is

shown in FIG. 6. Here, EDS I represents an RNA polymerase (protein), EDS 2

represents a closed RNA polymerase complex (variable), and EDS 3

represents a promoter (protein).
30 : BDS 19 is also associated with a number of attribute lists. For
example, the BDS in FIG. 4 may be represented by the list

Input:Output:Frate:Brate wherein the attribute "Input" is associated with EDS



| inked attribute lists. BDS 19 retains the attributes of each EDS which it
conprises. The linked attribute lists defining BSD 19 woul d i ncorporate
mul ti pl e watounsbiot es refl ective of the group of attributepcagsovim@sed wth
each EDS. 10 Therefore, a BSD may have digfinct attributes of the
Organism Cel I:  Gene: State: Sequence: Structure:Location: Mdel attri but e

list di scussed preV| ousl y but, woul d not .conta In " Ge, w o
"Sequence” orl: ey iR Output| B3, ASSQEiRlgd @”Lh Eg)c%t ?It éﬁe \ﬁg{rﬁ’ ©si n@ﬁe 'BDs.
Pat hway data da%%é‘lg{eldr 9/1€ 5% )3 20d" BRIRRRAT fhel ﬁ?mtyrg h§§ﬁ51{16i{ellate 1§n&’fth@at a
structure and s generated as the conposition of nore than one BDS.

exanpl e of a JePits Bty risvaisecidedd dvyeREEe 4 eadt idescidess cthedbackvsFaer

2. As illustrated in FIGS. 9a, 9b and 9c, another exanple of a PDS woul d be
detai | ed i nf dransitiom rpea-t aARi Wiiht Bep ERE n acgpndieal onsstninteifaee Plas¥sabf a

ai v or 30 ABICF A aANSFSREPE Vg ptet R SRR o SRSBRR HeiR porBrad e

information pagardissuidiced ! differentiation as is shown in FIG 10. Thus,
PDS 20 represents a nore conplex state transition diagram which retains
the attributes of the BDS 59 aetdiBDBiesapribsestofi eachhEDSawingty it FDBpLiges. s

al so associ at ed vmth a nu of attpiput Because PDS 2
retains the akher ilHikeds %tﬁrﬁb ]é%fﬁsfiF 10N (:Bé]ll) éaa't“for‘igigufré’olr?%‘@te C’i“&gmlgm

Cell: -CGene: ?Hg@m%%ﬂgg é’el {hlécg%"%ﬁ logC Qﬁlteybéjs%bcg?éd:r ll?l?dec?cﬁb ps.may

be applied t S use to organi ze t at abases

and genengt e THigefolS S BEO &n@;ﬂdhwwdlsaﬁswmt&ﬂadedabﬁ they (hgamssxed:eﬂlo
generate the PDS' S. 30 I'n accordance with the resent i nvent.ion,
bi ocheni cal GmSiameaguermqy%rmtegq Laratigns lcamtBbust r algfed’ <ihﬁ§1bssaﬁ

EDS, BDS and PDS associ ated att.ri " caln rndat a
associ at ed wﬂrﬁvﬁoﬂgp lbb‘ / Wg? SHgGﬁqﬂgﬂf/ 3%8§ Agﬁ%S @éﬁé st rbé 6%er%s ?’g
generated by "g&iM38ire®iatitdutPEAN istddsO¢iatid Wi o siRBleOEDSDdel  construction,

or may conprise an attribute list fromdatabase 11 which is edited by the
user. Advantageously, nitatbivey atata stmuctugar@BDS0) t20arepaesensy theahighient dovedt

R TR CE R ERERE AR TR TR
associated  Ap example of a PDS is the pyruvate dehydrogenase reaction depicted in FIG.
2. As illustrated in FIGS. 9a, 9b and 9¢, another example of a PDS would be
detailed information pertaining to protein expression in three phases of a
cell's existence: naive (quiescent), activated, and inhibited (for the naive or
20 activated state). As another example, a PDS may comprise information
regarding T-cell differentiation as is shown in FIG. 10. Thus, PDS 20
represents a more complex state transition diagram which retains the
attributes of the EDS's and BDS's present in the pathway.
PDS 20 is also associated with a number of attribute lists.
25 Because PDS 20 retains the attributes of its constituents, the attribute list
Organism:Cell:-Gene:State:-Sequence:Structure:Location:Model described
above may be applied to PDS 20. The modeling tools used to organize the
databases and generate the EDS'S, BDS'S and their associated data may be
used to generate the PDS'S.
30 In accordance with the present invention, any biochemical
reaction and physiological process can be arranged into an EDS, BDS and

PDS and its associated attribute list. Typically, the data associated with the



attribute lists to thereby create revised data structures and attribute
lists. The structure of the attribute lists also permt a user to analyze
mul ti pl e wata/os®wrF uctures to determ ne common and uni que PCOASPL/IWSS Wt h
this information, a user can |link attri-bi&8es from nore than one data
structure to 10 anal yze common i nformation or create detail ed nodel s of

subcel | ul ar %gg%?tggétgésafﬁﬁ%%&g%?ﬁ@ gsus\@??e'ith@§ pP{orCTH! ¥ 1 ahRIbE @hodel

systens (e.qg. ure may "al so conprise at |east one

anat oni cal dabashétsd, Upe Hies Condprte detpthuse didt frogadatdpson lamhich is
structure of biological <cells, tissues and organs. These data structures
may be in thedftedrhyothesetes. okdvarsagapnsly. arodeds pishspnfigwgd Pathat Ariser can

structural database a reviopsly . di scus . L t t.har

struct ures, tlﬁ‘ér%%r‘@é-ﬁcﬁ%ﬁﬁh‘é:? Hé% 'i“SﬁafS%cedgf go f gﬁae%ehg?%\tgra&?t eu&rig%ﬂ},ior{i the

el enent cel | dgpad%&c%}é& v?:gﬁlqug&leﬂéﬂiﬂ%ﬂ%sdata-ré’cp&&ﬂfds}’and fiese asddoiatedt es
gansi m :

are in the form ganel I e 20 Modality: | mageFormat, wherein
the attribut gstibOtgaiRisHd tieneby Cmatd revisedadata ditsctisrse dndirtrébute disgtandhee”

is a pointer to that part of the anatom cal .database definin fttrucﬁti%jre,
"Modal i ty" detivatiret o the patrijfute digtd pleapregiitad 8P &Ba‘léfzﬁn‘ﬁlé ))& 3fad
fromthe three-djnensional . inmage ;i Lonal ywigRgeyidat a
itself), and S‘ﬁ“ﬁhﬂ&?omﬁ?&'ete&g}l %eggﬁr%é(?l{st %ﬂ%t E’l?liecﬁ%‘ ﬁdﬁp%é?anaﬂ)lm cal

data. Opti OHth&ma{tm,a&t Li5d el [in@r gaibute® Ytdn haotechamdede dasa someture to
specifically illustrated in FIG 7, three-dinensional inage datf;l from
structurad dahabesecommiaf iinfdmayioat or icseate dqtadled modglg; ot subcellular and

t hree- di nensi onal i nage data be.further,.transfo e

model  ng engicabule praEesset pactal &1 of rofmpESch iphERFA bRk Sl B AR g cer 1
30 tissue and organ s j RhayPhRESTRRYrie aOl@sNehe asawndtar dael | s
therewithin. which mCBE{é& %@%&ﬁﬁ%?@fe addi tirtljna‘i11 | i st 45. ail/‘éll known and

readi |y avai |sahicengedesdribyingotiel iphgsiealyjionganinatédn| arich stiveturenat rietagealof
WD 01/ 057775 PCT/ US01/01988 - 19 these structural del s.,i ngl ude. EnSi ght
(avai | abl e f rashsCHpsugspand mééléarwseﬁﬂiaaﬁﬁllﬁuﬁ%%ma% i i %rBA S8 &

(avail ab'lg L;tﬁg?ghﬁ?%hiéﬂﬁ ’innta%%a%ae | Mdm sEchual Hhaphbs egs dipransiagal

i mge dat eele S may be stored in the system for
| ater use or flesfpsaded as necessary. During the 5 creation of a subsequent
rodel, & user would ha{iekea?hceeg’?hetrodag] %tr?xitutrps? t grt ?e_e-dimensional image data
and the structural finite element cell models have specific attributes.
Typically, these attributes are in the form Organsim:Cell:Organelle:
20 Modality:lmageFormat, wherein the attributes "Organism" and "Cell" are as
discussed above. "Organelle" is a pointer to that part of the anatomical
database defining structure, "Modality" defines the type of anatomical data
(such as a model derived from the three-dimensional image data or the three-
dimensional image data itself), and "ImageFormat" defines the structure of the
25  anatomical data. Optionally, the attribute "Organ" would be included.

As more specifically illustrated in FIG. 7, three-dimensional
image data from structural database is defined by attribute lists 44. This
three-dimensional image data may be further transformed by geometry
modeling engine 42 into structural finite-element model 43 describing cell,

30 tissue and organ shape and spatial placement of organelles and/or cells

therewithin. which may be used to create additional list 45. Well known and

readily available geometry modeling engines useful in the construction of



di rensi onal inmage data from structural database 15, structural
finite-element cell nodel 43, or attribute |ist 44 or 45. As such, the
anat om cawodawsr77st ruct ure nay be specifically tailored t@csuasseqeent nodel
use. Preferably, the EDS, BDS and PDS s mpy.-be updated via a 10 database
interface, such as the i-Base interface proprietary to Physiome Sciences.

Most preferably, a user can .use.the, database i nt t o] i fiC
queri es regar@F$fySHPOTUEY; E’:ije%r 3’(9&%%?@ bgqﬁh%bgggléﬁlﬁggngﬁgtZﬁc"e%%g%;ﬁ%nt al
data and hyp %é@eﬁﬁaiﬁ@} akBOND AP 2§ ail IS’ BonHIUEEE I8c., ebanon, NH).
Conput at i onal / EquUati on Generation Engi nes General ly stated, conputational

engi nes transighnof the thadeadiménsichalriengentate patheefiaite cldmepidgapgelsfmay be
bi ochem cal , physi ol og‘i cal and, structural subcellular, cel] ul a Lissu
I

and organ proderssetn thevavisteayotsiaier Uit or| RAEFAEH ASc PPHTSEpol OYE ¢
oroan | oo i . .
Stomt el 1y are Sl dpBEL el WEuRP phATRLCAS (AR ANficMréd

mass action. Gompuid GRakbe agd B Stiuoalrilestabasee tfiattrwrtugd fenist-ebmentgi ne
for generating synbolic nodels of biol %gi cal processes as well as an_engi ne

for generati ngltongdealad ooal attribreteslist 4dy aarde bhs| Bghe dhepaitomasalpdaiad 25
upon the synbolic nodels. The, tian eration engi automatically
transforms eatficdafcamnay %Fﬁq%x]s’otaglf“qqg siu%gﬁ%ue ?sn%eénk?&‘f% é'equati ons
describing a specific ?Ié%la%il . MLESS, BDBE ndy PDIR GhaBeaupanedi sia a
referred to as a synbolic nodel. These synbolic nodels may be stored in
the syst am f odathBdser intesface,n suciieds rhe tiBasarintepfack opiapristayede, Plysiome

alternatively, the nodels may 30 be coupled with other synboli del s
generated by $¢ienessst doslo PRRIGEALLY dipf P¥TefAD Hﬁ%|t8‘aiécl‘ef‘?}?a&§e§§%fsf5°e O pose

di scussed in nore.detail bel .any okd c Rp ze
coupl ed toget“ﬂ’&"ﬁé% ﬂ?gﬁfcere%diéﬁg nggﬁn%i ego\?\%%g?/ g%?%%%%%/ngg%f/ %,1988
-20 subcel | ul afnerfRbhtil Bhta didSIBiR1REsios @gdingrlaneeas EDSs, tBIDS'svand, PRSI ex
nodel s which I'ink functional behavior to subcellular and cellular, as well
as system processes may be derived. Equation generation engines 24 such as
t hose which 0 jally.a 'dse software tools such as 5
Mat hemat i Pa aSINAY 1Y LQuAtIon el er o practi ce of the present

i nvention. Generally stated, computational engines transform the data

structures into mathematical models of biochemical, physiological and
structural subcellular, cellular, tissue and organ processes. Advantageously,
the interconnection topology specified in each data structure permits the

20 computational engine to automatically generate these biological models by
applying the laws of mass action.

Computational engine 22 includes an equation generation engine
for generating symbolic models of biological processes as well as an engine
for generating computational models of dynamic biological behavior based

25  upon the symbolic models. The equation generation engine 24 automatically
transforms each data structure into at least one system of equations describing
a specific biologic process. This system of equations is referred to as a
symbolic model. These symbolic models may be stored in the system for later
use in modeling the same biologic process, or alternatively, the models may
30 be coupled with other symbolic models generated by the system to model
different biologic processes. As discussed in more detail below, any number

of symbolic models may be coupled together to produce models of complex



Conput ati onal engine 22 generates a conputational nodel reflective of the
bi ol ogi cal process defined by the synbolic nodel. A conputational nobdel
refers tovawestramre procedure for nunerical simulation PoTafSot/bewsHehavi or
of the synbolic nodel. As previouslygated, conputational nodels are
software procedures for nunerical sinulation of, .the behﬁvi Pl B{Odteﬁe

synbf)l i_c ﬁ’é‘a‘é“.umz;ﬁﬁ“él Ty JISSPR T BEAAN AEQSEST ol NS WR% ROMRrG
si nul ations..i t i - - .
ond St SpgRT furRORE LR oR B B o B R s L A

( Mat hemat 'F,g@dessé,sahmryaberde)riveand Bisitinn Nemeaiios ergingsh@4l suck aDghosmal |y,
the synbolic nodels may also be translated into conputer code such as
Fortran amdicr+aty topsdntiforsammershzlly eaupifaple a\%&""&b? efqHs ¢t ﬁ‘é‘ﬁbr?%r art.

Advant agegusly, typese uat i ons_expr.essed, | 0 KuUp u uch as
TeX, L Te%@&‘emm_’gc%’# b@%afﬁ g PRI ejRedeld g P{%Eﬁ%?hgk?&%bg FE todel s,
t her eby tqm%qlgsl y sinplifying the process of nodel docunentation.

Mor eover, ‘critical conponents of conputational nodels, for exanple

J?cobi ?E mat ri cgs fj ladmputetivaeld dnginer 22 generatvsr Acapmpptasingl | medel
algorithns can be derived in an autonmated. fgshion fr 51th [
m);jel Si' AﬁTflbﬁ?‘éW%ﬁ'l thei hiplegicell, POSESY idt?ginﬁangya{heoﬁgﬁﬁﬁﬁemf%eﬁymo '
automatica ner at e Y. i i I

Gi'tfor ent FRPASTRTT ESqT R o ARMFAre BroceBul RdT AimEes Aihutusems o

structgr egf thd BEhAREELS tHeOsyIshdiahrden | | retain the attributes of every
conponent of the 30 data structures used to generate the nodel. _For

exa{rp! e, t':]he ?E tr Lbu‘i%spfﬁ@i(y&ﬁh}’srﬁm@l |conmpytpionalo REHA: AUBdSPTYBES woul d
contal n e atfribuytes "Organisni. . " v " "L acat.i. om"

pr evi ous| ?'f%ﬁ%‘ﬁ%% e n%‘l{:ﬂc%h?’wrgaﬂﬁ?%7%?@%%8&;%11g’é@bgﬁgaﬂlgﬁli ?Eut e
i xfg'nlgpefgg[i)@afliﬁcmev?ocﬂé Isee fPPRhete HHhOMita Stnnlanens ahéladal thos¢ n this

_ subcat'egori es of nodels, such as stochastic or a system of
ordi nary diifisblenfioal IdSiat(Intesnationd]ldMuthemptcalepndyatighcalsliyaBoupl ed

ncor por ateHG: n{SuEREl oo Bw GGORB]  Aed seidy v s(Varsisial very
conpl ex bijgehen cal L epgid APNIGIWKend tHiUske.t he system of the present

Optionally, the symbolic models may also be translated into
computer code such as Fortran and C++ by conventional means readily
available in the prior art. Advantageously, typeset equations expressed in

20 markup languages such as TeX, LaTeX or HTML can be automatically
derived from the symbolic models, thereby tremendously simplifying the
process of model documentation. Moreover, critical components of
computational models, for example, Jacobian matrices that are used by certain
numerical integration algorithms can be derived in an automated fashion from

25  the symbolic models.

As previously indicated, equation generation engine 24
automatically generates symbolic models in the form of coupled systems of
differential equations from the information contained in the data structures.
The models so generated will retain the attributes of every component of the

30 data structures used to generate the model. For example, the attributes
Organism:Cell:State:Location:Model Type would containv the attributes

"Organism", "Cell", "State", and "Location" as previously discussed, with the



I nvention al so accormmodates the rapid acquisition and refinenent of
experinental data. As experinental data becone avail abl e, hierarchical
descri pt iwe910817RI ni Nng the i nterconnection topol ogy can IPETgsSneo@Bed. Thi s
10 informati on can subsequently be_g$ed to generate a set of differential
equations that can be nunerically solved can be automatically derived. This
i nf or mat i dfritoaea "Modeliyple defivctive lof sl moxdeh asvsymbeolawricompatatimkel | ul ar,

cellular and.higher order, processes R cu del s of
conpl ex bﬁ‘o&’éﬁf Ancgy e ge%gr.mslg fanpdtg?sf asﬁ(f)éj)l%,g%tt%eﬂah%{%%grac%%ea rI;lrgndel s of
bi ol 0gi cabrdsntey eliFferentiahegaations pecwikidales eberdtiinedie Pyesstmg conpledt i on nay
have tinme_scales associated with different parts ff t he systeg\ewm ch vary

by sever afiffsrential sauatipRgni 3 JEIOTIIOLS| AP n oL JRFMalOR L3R oPCequati ons

(i.e.,5thge &%ﬁ&@&%ﬁt@%a@ﬁ médeRHoMis BaTime QidPlandaifulition st sagt em i s nuch
shorter than'the duration of -20 the simulation). Such nodels nmay al so
conpri se emuElks tochemitadr reaction networlis.s sThYS, dhet spstem fctreapressiiebr ai c,
partial differential, aordinary diff ti ; diff &8 I's. If the
hi er ar chi EXPEHRE 1SS sacg ggmp’gi‘ra ge Itt%e gt% @e a%hugﬁz%rrputderq{e ?fgﬁe%ggﬁbe

si mpl i fi egkpesinratA éanr elsast experangitale datehbecmne edvailably, drigianchichdri ves a 25

sinplified system the solytion of whj.ch is.a good.approximtion to the
sol uti on SFSCHREORS PQItARINES t@%’cgnﬁﬁ oR ﬁ%p%ﬁglcgn&?dg‘?neéggii 'h@lts ation, are
hi er ajghi §@brmdidd ¥ar Uabs&REREPERY ised fohgen®ds) arset eFsilfferbmpliat ed And
anal yzed to determne their tine scales over a range of ¢onditjons. This

i nf or mat | GIvatians Hat e de mymeaically selyip saBhesauipmaticHly feriyede TRl es as 30
candi dat eg f or .+ epl acenent 1%2&/ v@ﬂfkﬁ%ﬁfo'rer%wp?ﬁm%%&n RAd&Ibcell g, Si Mol i fi ed
el T citie a

nodel canmtg er a spe unct1 on correlation function), or an
unknown fesnildroand dpglodrt owldr ggotdseess ¢ yirpdure. folly atichfate anededs ofr

SUBSTI TUTE SHEET. ( RUL 262 WO 01/ 057775 PCT/US01/ 01988 22 equation that is
sinpl er tHEPIEREIAPEGHRPCESHhonent nodel (a |unped nodel ). Once the form
of thesreduced modempbiagiey,ediehieppshicatt afosleBf dfheiolegicabdgbtemsomponent
are adjusted to fit the behavior of the origjnal nodel conmponent over the
range of ¢retledeist ageprapnee, wath ﬂl;?sipﬁﬁela‘ed?%@gﬁ%‘nqaé'c AV UEE® SF3l%Fabl e in 5

sof tware ﬂsQQH&H%ﬁﬁ'ﬁﬁf%nd\ﬁT&A@f Bl BRT KhichNArdy K sev¥ral orliéds of

magnitude, resulting in a stiff system of equations (i.e., the progression of
transient behavior of part of the system is much shorter than the duration of
20  the simulation). Such models may also comprise models and information of
dissimilar type, such as algebraic, partial differential, ordinary differential

and difference models. F

If the hierarchical model is too large to solve on a co‘mputgr? it

can be simplified using a correlation engine. The correlation engine derives a

25 simplified system, the solution of which is a good approximation to the
solution of the original system. Since the models under consideration. are
hierarchical, individual components of the model are easily isolated and
analyzed to determine their time scales over a range of conditions. This
information can be uséd to select components with short time scales as
30 -candidates for replacement by a simpliﬁed component model. The simplified
model can be either a specified function (a correlation function), or an

unknown function, specificd as the solution to a differcntial or

SUBSTITUTE SHEET (RULE 26)



(Research Systens, Boulder, CO and PV-WAVE (Vi sual Nunerics, Inc.,
Houston, TX) and in nunerical libraries fromNAG Ltd. (Nunerical

Al gori t hnwGroap)775 Vi sual Numerics and the |ike. These paclragassovarnsal so be
configured to provide statistical gooiness-of-fit estimates that can be
used to 10 determine the statistical significance of the resulting

si mul ations. J tfqr;fh%@isf 9195;;]1@4 B dnOfhel dHIEhb PBofpo hHINAEd SGehunRAPRDEEN. | S

then used in the place o e original when perform ng conputational
si nul ati ons. Whea thééofmonithé reduved shogdli ikisetechatiglaramettirs b€tk newhmndehat

of the original nodel, a hybrid solver nust be _used.. For ex | e,
correl ati on feQmEPPRERE @Ft%ﬁ“ﬁﬁ@ rtedii he behayigepf éﬁ% origiagl %i‘loﬁgg CORPeYER s

f diff tial ti . : I i
Che Torm of A& SaahEF BEATRTo ThEXRas i Hpresioh | AR A e Bl

to the origi ngdrwhde FHodfcle susiedas TRESELAWSt @VIBtHOVdrS, MakeickseMX), paDler n
recognition and machine |learning algorithns to achieve a high quality

appr oxi mat i on(Resehrch 3§ stenmsp| Boukidr.,n6d® andnP¥xWipYE (¥isuhk ics, Inc.,
(Hi gh-Di nensi gnal Model . Representati.o stem of Shorter, Ip d Rabitz.
Al ternativel yHoBsg: | iéﬁ)_ an fé‘?eﬁ?ﬁ’lﬁ?lc%d%ﬂ&ﬁss |°\‘??erﬁ6§1<a¥g‘gs @‘E‘é‘?ef‘c‘j‘l
adaptive et hage diat ROLHE Y RHACNBH SR RINREN PRAE! flcka @l Rish Gl
time stepping ods, ptévidi ng mar keé speed 1 nprovenents particularly

useful 25 forcomfi@iredvbi grbviriehithiisticiliddodnekmuf-fit eatinlatess thadtcanrbe wswidnto i n

a sinmulation. Exanples of software wth adaptive solvers include the
ODEPACK fl&hi | getgrmingotheeptgtistienh sigpiflcapee micthe R?éngeS%‘EIPBﬂ%?-dﬁ%%gP%ﬁdor y

d DASSPK fanily..of sol i t t. - i
M nneeota Thigeehugn SReHEh s Wippediiftof Enbofly it W i e Blace of
conti nuous- di gfar 6£i8iral "Fhé gedBrididd eomputaionl géupittorsy SWeem thd Ifesmadfso

can take advantage of the natural sparsely of the system of equations,
provi di ng evethel singalifipdmiodataiscdiffrprpnts thapDtlot/ of ey Drimgrlusodel 10 dy briga

RN TR A L T T
e L1751 bl BBy Tt bimminkgpamsgoces, Uog |10uet
libraries are the Messa§eftRassispstehst thaf ageultdiionshndetetminRathg| fosin ofAhet ual
Machine (PVM éim%cﬁftllec? Imlo%vgl gniirgggegs %lilengllgtngec%grsagfo 'lhiecr%%idglntot &eréjr?gi%gl may
also be used. These systems often make use of pattern recognition and
machine learning algorithms to achieve a high quality approximation with a
20 simplified model. An example is the HDMR (High-Dimensional Model
Representation) system of Shorter, Ip and Rabitz.

Alternatively, practical differential equation solver packages use
adaptive methods that switch automatically between explicit and implicit time
stepping methods, providing marked speed improvements particularly useful

25  for models which exhibit stiff behavior at least at one point in a simulation.
Examples of software with adaptive solvers include the ODEPACK family of
solvers from the Lawrence Livermore National Laboratory and DASSPK
family of solvers by Linda Petzold of the University of Minnesota. These
solvers have the ability to handle mixed continuous-discrete time and

30 differential-algebraic systems. They‘ also can take advantage of the natural

sparsely of the system of equations, providing even larger performance gains.



het er ogeneous machi nes, and all ow each process to work on different tasks.
In this way, a heterogeneous problem can run simultaneously on a network
consi st i Ngowi/o87171@5 or nor e personal conputers, workstati on®can$o1/408s
superconputers. Thus, in one enbodi ne?¥t of the present invention the
synbolic and conputational nodels define the tinme rate of change of the

concentration of react gy MEHEMIAESDIsQ oPfa Q)i DFap&riladrdi@residihat
ef fect subcellular, cellular or higher order processes. Consider, for

exanpl e, the etqumkmm qR®DH5 pat hwaplshodiffémntalG algebtade Ays@msc, ‘ranal L)

represent elenentary data structures definin e pat hway wherein | or
"i" are generdlgorippegehiaeiudig so %ﬁtfteh%r%wg gﬁ’é’?‘g t‘?ﬁ%ﬁ“?fsesﬁ?r godes  or

D (K ;, KAB or ‘%@Ps{é?’eﬁ%%‘ﬁrﬂee}g’qgﬁﬁ rt{é %85&8?9{%% @&gtﬁx{de‘ﬁ AL 108, ' BkgmpRIveen

states i and 5% vari o e an Brate pointers.

Applying tshe |ayRseflibmsesaati@e Melséagw Bhgid0 Ifdeefat ol (MRI)Nghds yis¢ Prrailel
ordinary differential equations describing the dynam cs of this system

dA dt = - A( KABmumcmnBKBNM)GB@AhcaBpmasmgmBmulg(lmAmBéail@D}o wr@:@@s "
DKDB 25 dC/dt = AKAC + BKB D/dt =
equati ons ar hBIARCBERYS ’h"ég(d gAﬂl PIYess ﬂewg%ﬁg%laféﬁr?l@ t@is fhe

network, and g ﬁﬁt’i‘s thert Fé’l?gdug oﬁo[é}ﬁ'%a'h' R §ighAtandBuslgnst anheswakd

since these guan are alr stor in the databases, the equations may:
be generated @dﬂsm’fﬁig calfl Yorten ©enNmnber . pa'xrseyalrrayompstnrb,e WOrkgtA067y 7 %nd
PCT/ US01/ 01988 24 integrated in tine, or be analyzed using the nunerical
met hods déscrsupstcompuiérh. As another illustration, consider the hierarchy

of cellular netaboli smr %8121 Oxgé ?iﬁ@%g%ﬁe‘wm hlg[eg&yt gguﬁmhg% frbofic.

qualitative 5 represe I ons enes an eir a t| vati on
or i nhi bi ti ony NP pubRiodn@PmesRIé aéfiné hlﬁé)tiﬁh: iahe of chanigs of bled ebhcmtrfadion

chem cal reactions, as A+tG - (A+G )+ O: 10 1+G -) (I Gf
of reaction intermediates, or of other state variables that effect subcellular,
cellular or higher order processes. Consider, for example, the biochemical
15 pathway shown in FIG. 8. Let A, B, C, and D represent elementary data
structures defining the pathway wherein "i" or "j" are generic representations
for the various states such as A, B, C, or D (K;;, K,5 or K¢, or ... ), and K
represents the transition rate between states i and j that are defined by the
various Frate and Brate pointers. Applying the laws of mass action will yield

20 the following system of ordinary differential equations describing the

dynamics of this system.

dA/dt = -A(Kyp + Kac) + BKgs + CKca

dB/dt = AK 5 - B(Kpa+Kpc+Kgp) + CKep + DKpg
25 dC/dt = AK,, + BKyc - C(Kca+Kep)

dD/dt = BKyp, - DKy

Since these equations are completely defined by knowledge of
the connectivity of the network, and knowledge of the various transition rate
30 constants, and since these quantities are all stored in the databases, the

equations may be generated automatically on computer. They may also be



Subsequently, the synthesis of a protein can be represented as: (A + G)+
+ Am no acids - P, 15 This representati on bypasses the process of

transcri pwoan/os19®l vi ng nRNA  synt hesi s, since the productrCafusgenmss
activation or inhibitionis finally a4 protein. For proteins, that are -
enzynmes, an enzymatic reaction is represented as: 20 M + E, + cofactor
-> M2 + E, Thppireafnee t0he Abs eic @anabizednusingi thet mrmeficalhmeginsmde swibhed
also be represented by: 25 E, + 14 (E, + 1) Were, (E +1)-, is the
enzyme- i nhi bi hexeisonpl ex. This zero order qualitative nodel can be used to
devel op nore 30 conplex strugture els. For..ex | g 1] ed
BRN nodel possible is gsdé@(?ﬁfeﬁt ilgﬁg%? IQ%ecpgsr%Sg?ah vglﬂ?}gg%fg& eé\%zltru@élj
speci es wi'thi p the1ishe!Which Qvatbity MbihitRealewel lof Mhe gaft. ba iquubtatba in
several processes that contribute to its net formation and consunpti on.
These processaprentdron dbf drespaidredobgemessanantheiyantblationwt inhitrisiosywepldas m
synt hesi zed or consunmed. 35 in a chemcal reaction and transport across a
cel | menbr anebe TgRIcsRES thEQughieatia ‘?rgrnoéfi}b‘ﬁl g’r%fréﬁ?lcrgﬁc &% &3r esent ed
by the follow ng nmathematical relationship: W 01/057775 PCT/ US01/ 01988
25 dm _ zs Jvi , \Were, Siii e st@ichionetric coefficient dt r
associated wth each flﬁ‘xj“\ﬁl.$Eé(gﬁ Mux vi, is sonme function of the
netabolite concentrati &5, i.e., vi, This material bal ance under steady
state condltions will réduged4lttHe,) al gebraic relation: SWi =0 O, for
all intermedi ates simultaneously at steady state, the individual bal ance
equati ons canghgseq@vhily @R Syntiedis bRafpestein Sn be Qeprébarted 8si s t he
stoichionetric matrix and v is the vector of netabolic fluxes.

(A+ G))" + Amino acids 2 P,

e This representation bypasses the process of transcription involving mRNA
synthesis, since the product of gene activation or inhibition is finally a
protein. For proteins, that are enzymes, an enzymatic reaction is represented
as:

20

M, + E | + cofactor > M, + E,

The presence or absence. of an inhibitor of the enzyme could also be

represented by:
25 E,+I1=2>(E, +1Iy

Where, (E, + I)" is the enzyme-inhibitor complex.

This zero order qualitative model can be used to develop more
30 complex structured models. For example, the most detailed BRN model
possible is a description of the temporal variance of every species within the
cell. A quantity within a cell, M;, can be involved in several processes that
contribute to its net formation and consumption. These processes can be
transported across an organelle with the cytoplasm, synthesized or consumed

35 in a chemical reaction and transport across a cell membrane.
The basic mass balance for such a system can be represented by

the following mathematical relationship:



This stoichionetric relationship can al so be viewed as a connectivity

rel ati onship that connects the internedi ates through the fluxes that they

are i nvowoad/051775 The stoichionetric relationship can be ®EFAISON01988
identifying the 5 properties of a net2fork of netabolic reactions. These
properties include, the identification of conserved quantities, and
pat hways of fundanental g, nportance in the connectivity of a network. These

model s of intracel | ul ar—teack |SHhs WHlELE.be,i it elicat Baldhiemetrisy s¢astlicifsdel s

by the foll ow ng mat he /i cal representation: 10 dm, _ s.vi, describes the

change of netabol.ites,. w thi
repr esent m@?%océ%tleﬁsvyltWheélchql‘?x

ELH{J 8! ls sdie fﬁfﬁcti&?ogﬁ?&dmte?ab.olite
ce popul at ons can

i
hangé’"‘o

dt rid , whergptedtratidrs,iRe v,ate of formation of the cell =r.f 15

speci es, X.,

is a conpl exXHisinmatarinlobalmecabohdtresteady stite scondidons rwill —fed

r.d (x., m)
met abol i tes,

and rid , Is thé rate of death of the cell species. Each rate
gge b9 theid

WO 01/ 057775 P US01/ 01988 26 Since the concentrations of

al gedtraimrrelasewr:et @dsor, T®noved by cells, is influenced, by the

e descri bed as:

concerted action of many cellss, these netabolites are represented by e dm

e Sv; JX,
by the overal

dt. J.

Ion 1S tactor

Qr, fay flllslgf(g\egﬁ{egga{tg§ sin?&l#&h%@ﬁglgggt stt&?d)nﬁta?eb ehd tir?digmé'lg? Bhfadlck ON

scri bing

i'nfo-the équation

the intracel |eﬂh§ﬁoﬁ§@§ﬁ berewrittEAUs matiit foepmti cal |y conpl ete description of
a systemof cells can be described as, J d dt

10

S.v=90

Where S is the stoichiometric matrix and v is the vector of metabolic fluxes.
This stoichiometric relationship can also be viewed as a connectivity
relationship that connects the intermediates through the fluxes that they are
involved in. The stoichiometric relationship can be used in identifying the
properties of a network of metabolic reactions. These properties include, the
identification of conserved quantities, and pathways of fundamental
importance in the connectivity of a network.

These models of intracellular reactions would be integrated into
systems models by the following mathematical representation:

am; -_-Zs..v., describes the change of metabolites, within a
a 77

single cell.

15

If, x, is used to represent whole cells, the change of cell

populations can be described as:

TR —r?, where r/, is the rate of formation of the cell

ar ' ’
species, x;, and r, is the rate of death of the cell species. Each rate is a

complex function of metabolites and cells, ie.,

v/ =1/ (x,,m;)

d_ d
= (x,m)



e dm10 dt = Sv; JXi dmi ~Suv; JXi dt ; Wiere, m, represents external
netabolite concentrations, and m', internal netabolite concentrations.
Advant agewogilgs77thie macr oscopi ¢ characteristics of a cel |l peapshadideh and a
15 single cell description are conpl exely described in such a mathemati cal
formalism The nodels generated by the system may be further transforned

into textual OnhcEhdBbs&ntf2dne D Hhetboesbthataee sécrgtariphr maiowesley cells,
interface 23. Optionally, the nodels nay al so be anal yzed usitng t echni ques
a8p

20 from nonl iisciafluspsednby tthearopcered asianpdfe manybrelds,didess nnetabelites g as
AUTO and XPP, accessible fromthe Internet can be used to perform anal yses
of the parandBreSaBis8n¥ence and asynptotic behaviors of biol ogi cal nodel s.
This permits the cal culation, of qualitative behaviors of conplex nodels as
key rodel paraneters ar @%&hanged, <5 WO 01/ 057775 PCT/ US01/01988 27
Graphical User InterfacedGapfidal juser interface 23 provides a user with
input to and output frominformation in the system Mre specifically,

gr aphi cal Susewherentler fiaflaef&: ney the metebolite (copcemtasbioenley i the apyerall cell

bi ochem cal pathway 5 diagrans, and to enter functions.specifying rate
constants in HQ%‘%@IQ%&%chg?Fedp‘é‘f%%E‘i“?tW $S6FLLHRE i?ﬂe %@%%é@garl%awo’?%r

e AP S G RO o1,

data structures’in or i erarchi cal s of biological
systens; (3) &RBsbedas, and nmani pul ate bi ophysical and structural nodels;
(4) display and interact with 10 previously devel oped genetic, biochem cal,
bi ophysi cal, and structdkal ,nodels; and (5) control fornulation and

sol ution of conputational afd ~'symbol i ¢ nodels, and to view sinulation

out put . ey
10 %—{Z%j"je]’ﬁ

J
s (zsv}c
Where, mf, represents external metabolite concentrations, and m,, internal
metabolite concentrations.
Advantageously, the macroscopic characteristics of a cell population and a
15 single cell description are completely described in such a mathematical
formalism.
The models generated by the system may be further transformed
into textual or graphical representations by use of graphical user interface 23.
Optionally, the models may also be analyzed using techniques
20 from nonlinear systems theory. For example, public domain tools such as
AUTO and XPP, accessible from the Internet can be used to perform analyses
of the parameter dependence and asymptotic behaviors of biological models.
This permits the calculation of qualitative behaviors of complex models as
key model parameters are changed.

25



G aphi cal user interface 23 can be custom zed for a particul ar
application. Typically, interface elenents such as video nonitors, 15

t ouchscr ewn1/0kByboar ds, a nouse, printers and the |ike nmRZTHSIUSHES
Creation of a Model In accordance wi t3 the present invention, a nodel may
be created to study any type of subcellular, cellular, tissue or organ

i nformation géglé!g‘iﬁcalfggeleﬁ%m&e the function of a gene, a specific
bi ol ogi cal p SS, € behavior of a target protein in the presence of a
particul ar drug, or sysmephidalinstt dnterfacer2d poosides @ osart with irtpeit spi 2sd
Based on the problemto be solved, the user will select the iné@rr&ti on
fromthe dat abtmé frem infarmagiepyin iBe tsyatenpy; mrﬁgipsm’ct%wf drapeirat dsFhg
t he nodel. For, exanple, a_user. may, W i Gt i

Eﬁég? eif'rﬂa{[h e p‘ifggv%ﬁ é%ge#{gg% %Sgét? eal(iid tbfb%h%ﬁﬁ@&l tp)étl‘RI/a )

certain inter“?ﬁ?_ [ _ rogena reaction in-a specific
cel I typesbolghyJrhmReahlinoadstepiraf@sens bpeditiiifigiratd 358stantd in"kee remetich be

gener at ed based upon the structural elenments of the cell together with the
bi ochemi cal pathvmyephipsi starager aredatabasand 1t drifor ysdwilist edd ¢ompuiasionatt i on

%2&’2# SE‘, "t 'uﬁ?&déﬁ‘&%?<E‘>’S§le§w§§§ﬁ?§£éfBba%e%ﬁ%éﬁ%a%‘ FRulrihiR e iR

/ ; . . N |
ouch a5’ a WO BTRBRS H L GRY SREHE 5P TRORIBLY GhichRl MY Glfuel [ ur e
mechani sm pr exdmepislaye BedpHseadntdsspaadrdlnmoliels; {45 désplayThad usweranowich

interact with this graphical display by use of a nouse. The yser can add
these cobfoneredounslyt Hevelanedt (geaetifpdbiochymical; ebiopRYsiFelondndndtHCHY§t ng
themto the poi of insgrtion in.the el . User, i

i nf or mati on ?‘écﬁgﬁ%h Agds E@ SPBQrﬁkngoég'lu}ﬁPq? Oa&igﬁggfo%@ghgﬁ%gﬁﬁﬁggg}taen into

t he nmodel bysgﬁlibsl‘iicr}ﬁo@éls}ﬂf‘dtdﬁ%ﬁﬁ%ﬁlaﬁb@aueﬁutt hat mechani sm For _
exanpl e, clicking on the icon for the pyruvate dehydrogenase reaction wll

trigger a display of tHeraphidahaser iintedfare 3edan hergustomizsd foea diasipeulgr
nonitor. The usgr can t,lgfen eﬂggry. thg 10 S){stemfor i,.nfor rratéon associ at ed
with the int @PREEANRTRs OPIEHEse” MUSHIRPfONS M P kTG o, EFBxdpred™
pyruvat elgeh¥(§jl£c%ggﬂe%§§, lé@?lu)axld@! agﬁglﬁf?gﬂﬁ&'rk@nd dhé AkemA bhief the

attributes describing pyfuvate d ogenase that may bé exam ned. The
user will select fromone of these attributes. Advantageously,

Creation of a Model

In accordance with the present invention, a model may be

created to study any type of subcellular, cellular, tissue or organ information

20 as, for example, the function of a gene, a specific biological process, the

behavior of a target protein in the presence of a particular drug, or system

functions in response to certain therapies. Based on the problem to be solved,

the user will select the information from the database that will serve as the

building blocks for developing the model. For example, a user may wish to

25  predict the quantity of certain intermediates in the pyruvate dehydrogenate

reaction in a specific cell type both in health and disease. In this instance, a

model would be generated based upon the structural elements of the cell

together with the biochemical and biophysical processes and their associated
interconnection topologies.

30 These models can be displayed on the display monitor. In

general, the user will be presented with a palette of icons that can be browsed,

where each icon represents some binary or pathway data structure, such as a



the linked attribute list will cause the systemto initiate a query and

di splay of 15 information to the appropriate database, for exanple, a

di spl ay owotohesgene sequence of pyruvate dehydrogenase. ARCIT/usb1/01988
elements of the attribute [ist associ8ated with pyruvate dehydrogenase
could be displayed in this manner. Thus, the sinple act of clicking on
pyruvate dehyel GQaRSE of BidPHNRAI fRécHaREsm Uieliowsly dBfigédaindostotsd fythivat e
dehydrogenase stored in the systemand 20 nakes it available to facilitate
nodel i ng. Thisgsteonf | The atseorwqid ninteraet weidh this graphdealcdispiayh byr ugshiod ad

user interface 23 to retrieve a f the infornmat iated w
gener at ed by mawsesykhe ser rFaﬁlh?gXV\ﬁV,set ﬁ%mﬂgﬁ?ntﬁs{oggég Zﬁt?‘cé)‘%h%&bem?\ggi hb}pr

comlete 1 epLosehlLAN 8o SASEH bl o] A 56h BY AEERERin L Asacr ed, the

user can inv3k anequation g _ gine to generate a synbolic
set of coypled differentliecalusequaiy ongewddhfarinngidrheegadétg thehbmehemuerli ons
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to nodel intiAeatdteliain FPG.oReom ther dispby i minitgr. witeh userc gas thent Iquanhghe
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through the @ydfgpbrancomt miivuess deschiving pyewvape deky drogyniadeethat maaydbé n
active inhibition of gene activity. Creation of a single-ce]l nodel in

accor dance wiekhmimed.plheaser Wikl splechfrom ppe of|theseatiriytes.o ARIPIagROPsIs: ei n

signaling events,  and,i hj.s ... define i,pl.
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intracel lul ar nol ecul es, Accordingl : ' .
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Thus, the simple act of clicking on pyruvate dehydrogenase retrieves for the
user all information on pyruvate dehydrogenase stored in the system and
20 makes it available to facilitate modeling. This configuration permits a user to
interact with graphical user interface 23 to retrieve any of the information
associated with or generated by the system. In this way, the user is presented

with a complete representation of specific biological processes.
If desired, the user can invoke an equation generation engine to
25 generate a symbolic set of coupled differential equations defining the model.
These equations could be saved as part of a documentation of the model
and/or they may be input into translators that would map them into computer
instructions in the desired programming language. This source code can then
be linked with a computational engine to produce executable code for
30 modeling the cell. Preferably, this executable code may be stored in the

system for future use.



15 intracel lular nodel may apply to a nunber of other cells in an organism
Thus, the protein signaling system described above may have broader

i npl i cat iwotiosr7eel | ul ar signaling in other cells of the @cgarsosmossor
instance, a CD4 T-cell secretes IL-4,2911-5 which are cytokines that affect
the performance of the B-cell, which is another conponent of the imune

organ 20 system The T-ge SPEE! it MRYeRWEP odkl HilelibBand
which binds to a CD 4 ré}é()et%%g(réxgﬁﬁé ’macrophage.gl Thus the?e are processes

froma T-cel Iprofeh@tinafifa@fitkivighevhiciel dccuypefsllwistihg nligdred:crogator Titerasgions
nmodel s can therefore be conbined by linking the BRNs in the T-cell that
form I L-4 to wliehBRNsrtinasignpling pipeesses thai elhewpnetgaudes 1, dngxe {Hun ghks

that formCD40 |ligand to the 5 BRNs .affecte he [.gane- r tor
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or gan Sysgemséé')gylﬁ%r,'tﬁe TRel i cadter bondsas ilgusd (IMACCahd antgpatoTacieutd eal
pur poses. ~Drug developnent focuses on targeting specific reactions and
nol ecul es i n s@gresting cficade thateprogregaes tovaghithe myitdsol fandnewminatgs inerath

nodel s that are built from several 30 BRNs, .a single step.or nynber . of
singl e steps r@@hpﬁﬁek%ﬁwvhﬁ“éranéﬁﬁrﬂj’é’d'eilgglbtlﬂgnr?go%qnet%?%rﬁ‘%'caf‘f‘?gloé’f PERt of
a drug. So one gr a,few i t i + 4 1115 I e
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charact eri st ifgHoaprdigincfignaBg eVbstspuad dhlthiscsmb] define tpossibiggané(shenion
can be neasured by tracking t%e effect of these changes on the function of
al| the 16el Igsnamdodilgtion acyipiy afritie PReicHY BY aWest®gan f uncti on.

Specifically, the eff e%ﬁ?ﬁg@ﬁy@ﬁ?gSﬁérﬁfg’f’rgce.tlilﬁ?gaf?gfetsgf?ta%he?% ng(‘r;:lecules

macrophage function ca ( _ respon _
i nfection CaQFﬁ‘é ?ﬁeip?ﬁﬁém%oﬁ@ﬁb@aﬂesinas(;nwbwe@ urtfudt@ane icdlictyporti.el,n a
, e

clinical tria changes to 11-4 production can be changed to | ook at
the organ funhtieapressamgef then (D4 mdetuldiiagrsisicted tn (D4 di-eede thigdn s
rheumatoid arthritis, a patiegt' s characteristics. can ﬁle inggt 0;’ nts? tge
model and t hdfarSeis sy HYEATALIAr RGeS e AAERIENEDHEt® 15 Bt A S198°t he
speci fic,abn Ij hgagelboibeiel fAghbbhak aabi @ells iahh dabhaRnOf
Model s Tl’llg ngggﬁjéé%delggrxg{)%% ﬁlrﬁacﬁcpokldance wth the present invent :gon are
val i dat ed agaimst iH¥f giromiin osigghkagesydtemmdebénbarhl abdarea mayx erve dpdadesn,
15 or a conbination thereof. \Were disagreenent bgtween, the nodel anc}s known
implications in cellular signaling "in other cells ot the organism. or
instance, a CD4 T-cell secretes IL-4, II-5 which are cytokines that affect the
performance of the B-cell, which is another component of the immune organ
20 system. The T-cell also has specific molecules, e.g. CD40 ligand which binds
to a CD-40 receptor on a macrophage. Thus there are processes from a T-cell
that affect other cell types within the organ. The cell models can therefore be
combined by linking the BRNs in the T-cell that form IL-4 to the BRNs that
IL-4 affects in the B-cells, and by the BRNs that form CD40 ligand to the
25 BRNSs affected by the CD40 ligand-receptor compex in the macrophage.
These linked models’ constitute a model of an organ system, which is
applicable to various clinical and pharmaceutical purposes. Drug development
focuses on targeting specific reactions and molecules in a cell. Since the
organ model is built from several cell models that are built from several
30 BRNGs, a single step or a number of single steps can be removed or changed in
the model to mimic the effect of a drug. So one or a few steps in synthesis of

IL-4 in the T-cell can be targeted in the model simulator and its



data exist, the nodel is corrected iteratively until a correlation is
found. After the nodel is created, the system conpares the solution of
equat i onswoot/ogwperi ment al data, measuring goodness- of - fi PCafushheros®del . A
user can interactively adjust any of30the attributes associated with the
nodel to create a 20 new hierarchical description which approxi mates user

sel ected propgbllesiQics éﬁlﬁb@)&ﬂgﬁééﬂ?r@lﬁ! of@hl. rebilts BhSthenstgan danctéors yahem
identification engine can be 1nvoked to adjust the paraneters of the

equati ons defgeninpgsurbé bypdadkihg the edfeet of thrsw chypsgemenfhe furaticanet alifhe
sol ution of which approxi mates user sel ected ro(ﬁertir%ﬁ gg: tlggt £
experi ment al agHs andTHasusytpemandethei yeral iaRan o0 SRegHeals the fifeds
for optimally updatin he..par i y )
reasur ement  RREE T REEHRE AE HRLSel, o ERiEOnhded Culdipl cln s @ttied
Filters agd baichhilepsb regpmi®td hhtigfetiohhansylss &m tratded] fideh ipn feagirae
can also include algorithnms for estimating the quality of the fit of the
model to the ofeongenifusntiah. dbx a.clidieg! iad, gﬁﬁmeﬁdp o ﬁb‘)‘gﬁlﬁ’é‘n?an be

identification are 30 avail ahl e as add-on packages ,to £ | . t hwor ks,
Nattick, Ma) chapged jtftlogKatle qﬁrgmq%%?tf‘ﬁg_cﬁﬁ? a8 %‘g/'?‘s‘?ag?é%%f'ﬁsﬁ’ NRI A,
France). WO O %aéz7s h ST A4 BAP G R nridts, alpdtidn®s MaAgteriSAvecan vifhs may
be |i nked togef er.” For eXanple, a nunber ‘of different biochemical or

bi ophysi cal MRy mveerayd bken asasted agdiosta neimgl rersen’sonedell teoditdin | n
this instance, several nodels woul d be Igﬁgrv%fd 5.into _a single nodel by an

i nt er f acd Owhitbh speciffig abmosmalitics at Hie ¢4 for thaMIHEPEN bet ween t he
respective nodels. For exanple, the outputs or internediates in a

bi ochem cal reaction network describing a PDS such as described in FIG 2,
may act direcyhid®fiohwdMedklsy to nodul ate the function of another process
such as the BDS representing an ion channel nodel of FIG 5. 10 A specific
case may be the output TVhe inaddeds genexpterbin aecardpptfowptiathe pigspyt pyvention

gL ycolyLic b Schep ol LESol! SRRk G- hofy FRAMELNG GLhORyplodTe:
hor el and di e L T e h order Lo a Low coll
types, and nedfitakats, tie mel¢luisarorfemed Iterativelbantibawpaetatiamis fonardy Adteri n a
specific d Set?xzem%td%} ei's grl{a%pecf, nIh%r rsnyaflgtiegln c%%lr})ares the solution of equations to
experimental data, measuring goodness-of-fit of the model. A user can
interactively adjust any of the attributes associated with the model to create a
20 new hierarchical description which approximates user selected properties of
the experimental data. In this instance, a system identification engine can be
invoked to adjust the parameters of the equations defining the model to create
a new system of equations, the solution of which approximates user selected
properties of the experimental data. The system identification engine includes
25  routines for optimally updating the parameters of a model, taking into account
measurement and model uncertainty. Example algorithms include Kalman
Filters and batch least-square filters. The system identification engine can
also include algorithms for estimating the quality of the fit of the model to the
experimental data. Complete systems for doing system identification are

30 available as add-on packages to Matlab (Mathworks, Nattick, MA), and
integrated in the Scilab data analysis system (INRIA, France).



be used to identify specific points of disease progression best suited for
therapeutic intervention. By way of illustration, inherent in an i mmune
cel | / or gawo 020577m% egr at ed nodel are network regul ati on dym®amiuse1/o®ese of
which are wuniversal (i.e., mass-bal atice and netabolisn) and sone of which
are unique to the imune system (i.e., differentiation). Single cel

nodel s t hat C]if“kgnbi/[ogﬁgerat ed in this instance include macrophages,

dendritic celts, “cells (CD4, CD8), effect on and nenory T-cells,

B-cells, plasma cells, g@mgtalcblslsZpannd Idslceptiigether TIageexamiit sa aaniteérbe
integrated into an organ nodel in order to provide a nore conplex.
represent at i aif difffeaetni bloshewadal syt beanhyaisahmaedhani sxamaye be dnpeytrd inler 2

t herapeutic intervention, of rhexm:}%oi d %rthri tis ﬁoul 1be dei elljoped based
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generated in pealdhrapsksi shchasithl BDS rap@Setingl b ¢as ehaimy mesdsl of FIAga . nst

these single cells nmodels, anti-TNF-cx 5 reagents may be screened in order
to ascer tl@i n Aspecficecaponmysbd the ohipuayetiable ofi atcapsiaattriphosmiats (ATP) of

illustrates the information. obtained fromthese . nodul aters that e
used in the oﬁtlé%ﬂliyﬂﬁ RIpchemisgl regftiof, ReWqIKsS aﬂ‘uﬁr‘ﬁ%r’% Wq%l‘t‘ﬁl%ﬁcﬁﬂnr“ﬁ%ﬁgfoi d
arthritis. As st . jder asthma, a conplex 10

i nfl ammat ory S&?‘%lglé)geﬂgmﬁtkﬁhgﬁmggg&@ gtlf/d%gglsénd cytoki nes participating in

the generation of | ateSipghseeilnfibdelsamaprbe Rrtegrated withe opgaas modelsav &iotri on,
an understandi ng of which all qt%ﬁes are inmportant saﬁur ces. of
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cyt oki nes wasexapipie+iadrageibulas meedels phisellistgtes donnerRal apd d S?%es can
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however, ponses ontri’bute to alrway eosinophia, nucus
production argk @EuRied BegianabyAdkidya spedficrdiseast sastehnSuch ntfoematiomican

modul ation of transcription factor GATA-3, _ :
be used to identify specific points of disease progression best suited for
therapeutic intervention.

By way of illustration, inherent in an immune cell/organ

20 integrated model are network regulation dynamics, some of which are
universal (i.e., mass-balance and metabolism) and some of which are unique
to the immune system (i.e., differentiation). Single cell models that could be
generated in this instance include macrophages, dendritic cells, naive T-cells
(CD4, CD8), effect on and memory T-cells, B-cells, plasma cells, mast cells

25  and basophils. These models could be integrated into an organ model in order
to provide a more complex representation of a biological system.

As another example, a model for therapeutic intervention of
rheumatoid arthritis could be developed based on animal models of arthritis
induced with antigens or infectious agents. In these models, disease severity

30 correlates with a dominant Thl-type cell response characterized by a higher

ratio of IFN-y to IL-4. It is known that Th2 cytokine therapy (e.g., infusion

of IL-4) may suppress disease symptomatology. It is also known that IL-1,



whi ch regul ates the expression of cytokines IL-4, IL-5 and IL-13, which are
secreted by Th2 cells, but not Thl cells, at various stages of disease
progressiwo 0¢0817d5 be studied in order to devel op GATA-3 a®ca/ysot/erss al 20

t herapeutic target in the treatnent of2 asthma. The information obtai ned
from these nodels can be incorporated into a multicellular nodel of
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graphi cal nodel output for the dynamc change in concentrations or |evels
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variabl es, t fréﬁtukés of B@Beast ﬁit?adéﬂﬁlﬂﬁhheﬂulﬂmfohﬂﬁﬁtravﬁ:npm ﬁctor GATA-3,
which regulates the expression of cytokines IL.-4, IL-5 and IL-13, which are
secreted by Th2 cells, but not Thl cells, at various stages of disease
progression could be studied in order to develop GATA-3 as a potential
20 therapeutic target in the treatment of asthma. The information obtained from
these models can be incorporated into a multicellular model of Th1/Th2 cells
to ascertain the effect of cytokine expression on skewing Th1/Th2 balance
towards a Th2-type cell and the rate of GATA=3 in this system. As is
illustrated in FIGS. 12a and 12b, a much greater level of cytokine production
25 is present in T-cell differention to Th2-tpye cells rather than to Thl-type

cells.



wi thin a nodel and display the gl obal variable using a color coding schene
over the entire nodel domain. 25 Mbddel Uses The nodel can be used to store
and sear cWOallo5E%35 sting biological information (i.e., gemETIwSH1/01988

bi ochem cal , bi ophysical and anatom c¥® ) on a given biological process at

t he subcellular, cellular or nulticellular level. As 30 such, the nodel may

be used to integrate 0 d&, g T 0SS all biological systens. WO 01/ 057775
PCT/ US01/ 019%%#%%‘2&%%3‘5 provi des a neans for collecting and
synthesi zing bi ol ogi cabupiotpml M idath Amutdtiel, &y wéll ol fhenandertyivg hin
a biological systemnmy be anal yzed. For exanple, the function of a
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drug. Conput atd anake Mgk 10 plhdiy38118gACAd PRhvwolke. bFIGR ¢8nprdatides aid
incorporated into nodels of physiological function in accordance with the
present ivensianiple Tofes elesuipiiveliremors igonetataoiterespoose do a snasifbe madeling

screen candi date conpounds. Conputer stem 20 The .pr,esent .i nvention be
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artisan. Typicceeﬂ.l y}x tuggr Cc%rlrlp%]oed%ys tﬁg cﬁjtghfrgm each simulation as well as the

15 underlying information which the data represents. The user may also
customize the physical appearance of the graphics or textual appearance of the
output data. By way of illustration, the user can double-click on a
compartment of the model, and would be presented with a list of variables
used. The user could select a variable and display that variable on a graph

20 drawn in a separate window. Optionally, the user could modify the
underlying variable and generate a new model. Alternatively, the user could
select "global" variables, that is, those state variables defined everywhere
within a model and display the global variable using a color coding scheme
over the entire model domain.

25
Model Uses

The model can be used to store and search all existing biological

information (i.e., genetic, biochemical, biophysical and anatomical) on a
given biological process at the subcellular, cellular or multicellular level. As

30 such, the model may be used to integrate knowledge across all biological

systems.



25 conputer systemwould include a central processing unit, RAM ROM 1/0
Adapter, data storage space, a graphical user interface having a keyboard,
nouse andwOpeaksrs attached thereto as well as an operati RgTa3s9t/erv8@and

sof tware capabl e of providing Internei connectivity. The foll ow ng exanpl es
are presented to provide a nore 30 conpl ete understanding of the
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In addition, the model may be used in drug discovery, as for
example, to analyze the behavior of molecular targets in the presence of a
particular ‘drug. Computational models of drug/gene action would be
15 generated and incorporated into models of physiological function in
accordance with the present invention. These multi-dimensional models could

then be used to screen candidate compounds.

Computer System
20 The present invention may be implemented on any computer

architecture in any configuration such as multi-tiered or clustered services or

a client-server paradigm. Certainly, the type of computer system will depend

on the complexity of the model(s) and the choice of an appropriate system is

readily available to a skilled artisan. Typically, the components of such a

25 computer system would include a central processing unit, RAM, ROM, 1/0

Adapter, data storage space, a graphical user interface having a keyboard,

mouse and speakers attached thereto as well as an operating system and
software capable of providing Internet connectivity.

The following examples are presented to provide a more

30 complete understanding of the invention. The specific techniques, conditions,

materials, proportions and reported data set forth to illustrate the principles



WO 01/ 057775 PCT/ US01/01988 36 <ENVI RONVENT> CONSTANT tags are used to
contain information about the value of 5 paranmeters used in this nodel.
<CONSTANTWO tMBIVES>b<NAME> <VALUE> 1. 0</ VALUE> 10 <CONSTARCY/USaCONSS ANT>
<NAMVE>e</ NAME> <VALUE>0. 04<VALUE> 1535</ CONSTANT> <CONSTANT>

<NAME>g</ NAME> <VALUE>0. 5</ VALUE> 20 </ CONSTANT> VARI ABLE tags are

simlar to CQNFTANEikadsT @eCRREentibAtart h&eDlMSSakd@RBhotldangebée dohftguédas
execution of the&[r\r%del . The val ues gi ven ﬁ?rae@represent the initial value

for the vari dbh&ing®thedttiReABltEe invedbidE>t </ NAVE> <VALUE>0. 0</ VALUE>
<VARI ABLE> 30 <VARI ABLE> WO 01/057775 PCT/ US01/01988 37 <NAME>U<NAME>
<VALUE>0. 0</ VALUE> </VARI ABLE> 5 <VARI ABLE> <NAME>V</ NAME>

Example 1
5 This is an example of a “CellML” description of the basic

FitzHugh-Nagumo model generated in accordance with the present invention.
(CellML is a subset of XML that is used to describe a cell model or a series of
cell models.) For purposes of this model it is treated as an ion current. This
model contains two differential equations:
10
du/(dt=(u-u"3/1-v)/eand dv/dt=eu* (u+b-gv)

Where b, g, and e are treated as constants.

15 <CELLMODEL>
<VEPBOSENAME>Simple Example of a cell model with a single FitzHugh-

Nagumo element</VERBOSENAME>
<NAME>FitzHugh-Nagumo Cell</NAME>

20 A <DRAW> tag is used by the program to describe how the object is

represented visually in the cell model.-->

<Draw> _
<DRAWSIZE>8000,8000</DRAWSIZE>
25 <POSITION>1000,1000</POSITION>
<BACKCOLOR>65280</BACKCOLOR>
<EDGECOLOR>255</EDGECOLOR>
<DRAW>

30 The ENVIRONMENT tag is used to define all of the components (chemical

species, variables, etc.) within the scope of an element.-->



<VALUE>0. 0</ VALUE> </ VARI ABLE> 10 </ ENVI RONVENT> | ONCURRENT is use to
contain the actual nodel. <l ONCURRENT> 15 <NAME>I f n</ NAVE>
<VERBCSENABEH51725Hugh Nagunmo Cur r ent </ VERBOSENAVE> <DRAWPCT/US01/01988

<DRAWSI ZE>1000, 1000</ DRAVBI ZE> 20 <R@SI TI ON>6000, 6000</ PCSI TI ON>
<BACKCOLOR>32639</ BACKCOLOR> <EDGECOLOR>8323199</ EDGECOLOR> <DRAW, 25 The
equation for du/dt. The <DERIVATIVE> tag is used to indicate that this
needs to be processed as a differential equation. <DERI VATIVE> <reln> 30
<eq/> <appl yzEWVIRIONMENTI>PCT/ US01/ 01988 38 <diff/> <ci>u</ci> <bvar>
<ci>t</ci>5 </bvar> </applv> </apply> <divide/> <nfence> 10 <apply>
<m nus/> <apply>

CONSTANT tags are used to contain information about the value of

5  parameters used in this model.

<CONSTANT>
<NAME>b<NAME>
<VALUE>1.0</VALUE>
10 <CONSTANT>

<CONSTANT>
<NAME>e</NAME>
<VALUE>0.04<VALUE>
15 </CONSTANT>

<CONSTANT>
<NAME>g</NAME>
<VALUE>0.5</VALUE>

20 </CONSTANT>

VARIABLE tags are similar to CONSTANT tags except that the values can
change during the execution of the model. The values given here represent

the initial value for the variable.

25 ,
<VARIABLE>
<NAME>t</NAME>
<VALUE>0.0</VALUE>
<VARIABLE>
30

<VARIABLE>



<m nus/> <ci>u</ci> 15 <apply> <divide/> <apply> <power/> <ci>u</ci>
20 <cn>3</cn> </apply> <cn>3</cn> </apply> </apply> 25 <ci>v</ci>

</ appl y> we/orfogrice> <ci>e</ci> </apply> 30 </reln> </ DERIN/AVI/ME38 WO
01/ 057775 PCT/ US01/ 01988 39 The eqution for dv/dt. <DERI VATIVE> 5
<rel n> <eq/> <apply> <diff/> <ci>v</ci> 10 <bvar> <ci>t</ci> </bvar>

</apply> <apply> 15,5tEIESGAMES
<VALUE>0.0</VALUE>
</VARIABLE>

5 <VARIABLE>
<NAME>v</NAME>
<VALUE>0.0</VALUE>
</VARIABLE>

10 </ENVIRONMENT>
IONCURRENT is use to contain the actual model.

<IONCURRENT>
15
<NAME>Ifn</NAME>
<VERBOSENAME>FitzHugh Nagumo Current</VERBOSENAME>
<DRAW>
<DRAWSIZE>1000,1000</DRAWSIZE>
20 <POSITION>6000,6000</POSITION>
<BACKCOLOR>32639</BACKCOLOR>
<EDGECOLOR>8323199</EDGECOLOR>
<DRAW>

25  The equation for du/dt. The <DERIVATIVE> tag is used to indicate that this

needs to be processed as a differential equation.

<DERIVATIVE>
<reln>
30 <eq/>
<apply>



<ci >e</ci> <nfence> <apply> <minus/> 20 <apply> <plus/> <ci>u</ci>

<ci >b</ci> </apply> 25 <apply> <times/> <ci>g</ci> <ci>v</ci> </apply>
30 </ applw® o1gsmiience> WO 01/ 057775 PCT/ USOL/ 01988 40 </papplisyroross el n>

</ DERI VATI VE> </ ONCURRENT> 5 </ CELLMODEL> Exanple 2 This exanple

descri bes the CellM. tags used by the present invention to represent a
cel | nodel. %1? M. uses MathM. to nodel the actual equations that it

r ef er ences. The s in Cell M. are designed to be hierarchical in nature;
that is a gi vchtlﬁ,?</c§>generally used to describe the properties of its
parent. For exa a <SIZE> tag can be used to indicate the size of a 15
<CELLI\/[DEL>. V\h&jvat:he CellM code is read by the present invention, a
series of "objects” (i .6. Class objects in C++ or Java parlance) is created
that has cl ose T&>4<6id-to-one correspondence with the original source

code. 5 </bvar>
</applv>
</apply>
<divide/>
<mfence>
10 <apply>
<minus/>
<apply>
<minus/>
<ci>u</ci>
15 <apply>
<divide/>
<apply>
<power/>
<ci>u</ci>
20 <cn>3</cn>
</apply>
<cn>3</cn>
</apply>
</apply>
25 <ci>v</ci>
</apply>
</mfence>
<ci>e</ci>
</apply>
30 </reln>

</DERIVATIVE>



Cell M. tags are broken down into several distinct classes, based on their
purpose: 20 Basic Elenents are tags that are used to describe a general
property wWoohosw7i he name of an object or its size. ThesePamrdasot/n®ss owest
| evel el enents and can be used by sev®ral different Kkinds of tags. 25
General Cell Model Elenments are used to represent the general properties
of a cell and the biochem cal processes that are being nodeled. Specific
Cell Model Elenents are simlar to "General Cell Mbdel Elenents" except
that they ar€he¢isguhtion fepdwdent a 30 higher |evel of abstraction. WO
01/ 057775 PCT/US01/ 01988 41 Drawi ng Elenents are used to supply
information on howa Cell Mdel is to be displayed visually, and how it
interacts w t 5 The contents of each Cel 1ML docunent will obey a
set of gr amﬁbgﬁj&e&ﬁ%%?l ned in the CellM. Docunent Type Definition (DTD).
TYPE TAG PESCRIETII ON SUB- TAG Basi ¢ NAME The short nane of an object ---
El enent s VERBOSENAME A | onger nanme for the object -- VALUE Tag used to
store a singl eeg/> nuneric val ue CONSTANT Used to define a fixed NAME
parameter VALUE UNITS VARI ABLE Used to represent a single state NAMVE
VAULE vari abl €2PPH% contains both a UN'TS value at the current point in
time, H STORY gpgrat the initial condition. UNITS The units for a VALUE
(e.g., --- [m, Jg/nol], etc.)

<ci>v</ci>

10 <bvar>
<ci>t</ci>
</bvar>
</apply>
<apply>
15 <times/>
<ci>e</ci>
<mfence>
<apply>
<minus/>
20 <apply>
<plus/>
<ci>u</ci>
<ci>b</ci>
</applv>
25 <apply>
<times/>
<ci>g</ci>
<ci>v</ci>
</apply>
30 </applv>

</mfence>



EQUATI ON Used to contain a single RELN Mat hM. equati on (Mat hM. code
PCSI TI ON The physical position of an -- object in its parent obj ect? Can
be used twodefsries 3D (Xx,y,z), 2D (x,y) or | D (x) positi @T/ShzeEsshe

physical size of an object. --- Can b#® 3D, 2D, or 1D. DBLINK Dat abase

Li nkage. Used to --- hold a pointer to information on an elenent in a
dat abase. Generghpge;ﬂ The hi ghest | evel object, CELLMODEL Cell

consi sting of one nore Model CELLMODELS. Elenents CELLMODEL A single

iutnistI in ?_ rmdel<|/réll!ni>s PATHWAY tag nmay contain information REACTI ON about
ocation rel ative to COMPONENT ot her CELLMODELS. | ONCURRENT REFERENCE
PATHWAY Tag t hat/LIEREYAJEYER set of REACTION reactions, for exanple where:

Reactant F 4 Pr ' FT\%)I 1/057775 PCT/USOL/ 01988 42 T
U _ YPE TAG
DESCRI PTI ON suﬁ?%@ % Iple steps. (PDS) REACTI ON Describes a single

el enentary COVR@ENENViopEastion. KF Reactants 4- -4 Products wth KR
Forward and Reverse kinetics. (BDS) ENVI RONMENT Encapsul ates all of the
COVMPONENT components and properties of a CONSTANT Cel | Model .

Example 2
This example describes the CellML tags used by the present
invention to represent a cell model.
10 CellML uses MathML to model the actual equations that it
references.
The tags in CellML are designed to be hierarchical in nature;
that is a given tag is generally used to describe the properties of its parent.
For example, a <SIZE> tag can be used to indicate the size of a
15 <CELLMODEL>. When the CelIML code is read by the present invention, a
series of "objects" (i.e. Class objects in C++ or Java parlance) is created that
has close to a one-to-one correspondence with the original source code.

CelIML tags are broken down into several distinct classes, based

on their purpose:

20
o Basic Elements are tags that are used to describe a general
property such as the name of an object or its size. These are
the lowest level elements and can be used by several different
kinds of tags.
25 o General Cell Model Elements are used to represent the

general properties of a cell and the biochemical processes that

are being modeled.

o Specific Cell Model Elements are similar to "General Cell
Model Elements" except that they are used to represent a

30 higher level of abstraction.



COVPONENT Representation of a single VAR ABLE chem cal
can DBLINK contain informati on on concentrati on,
(EDS) H SVORY/oFttes val ue of a "property" (e.g.,
function of tine. KF Forward Reacti ordlki netics for

speci es.
formul a, and

COVMPONENT, PCARISABLESBS as a
COVPONENT

single

REACTI ON. EQUATI ON KR Reverse Reaction kinetics for COVPONENT single

REACTI ON. EQUATI Oyl p
be run.

of integration to
and
VARI ABLE pr ot ocol
used to ---
contain several
"<dat e>", etc.

ppl i.ed
descri bé‘”&hg?ee(}

Tenidned ateOusdDtE sipflgr imfisinoation oaldmw at he type
Contai ns starting and
type of integr &tedk Maxebds ue et dipRETEEO ISPRYY:r #14
a Cell
i s nodel
sub- tags for elenments such as
Speci fic | ONCURRENT Used to represent an ion GATE Cel |

Mbdel .

stopping tine,
B@W gt Ideracle pased
REFERENCE A bi bl i ographic tag
cane from This wll
"<aut hor >",

ultimately
"<vol ume>",

current. £LOVPEAENRtedvdd€kaATEIMIHddgkmagt Wibk lobyy Bygse of gtam BAUATIEON

El enents el enent.

PROTEI N Descriptions of a p
Description defided n dig €M Documeng dyie LSFIMEPRL

structures or protein or

ene ct.

DRUG

pat hway dat a

TYPE TAG DESCRIPTION SUB-TAG

Basic NAME The short name of an object --

Elements | VERBOSENAME | A longer name for the object ---

VALUE Tag used to store a single ---
numeric value
CONSTANT Used to define a fixed NAME
parameter VALUE
UNITS
VARIABLE Used to represent a single state NAME VAULE
variable. This contains both a UNITS
value at the current peint in time, | HISTORY
and at the initial condition.
UNITS The units for a VALUE (e.g., ---
[mm], [g/mol], etc.)
EQUATION Used to contain a single RELN
MathML equation (MathML code)
POSITION The physical position of an -—-
object in its parent object. Can
be used to define 3D (x,y,2),
2D (x,y) or 1D (x) position.
SIZE The physical size of an object. | ---
Can be 3D, 2D, or 1D.
DBLINK Database Linkage. Used to -
hold a pointer to information
on an element in a database.

General MODEL The highest level object, CELLMODEL

Cell consisting of one or more

Model CELLMODELS.

Elements | CELLMODEL A single unit in a model. This | PATHWAY
tag may contain information REACTION
about its location relative to COMPONENT
other CELLMODELS. IONCURRENT

REFERENCE
PATHWAY Tag that describes a set of REACTION
reactions, for example where:
Reactant €= =» Product in

This tag
structure.

time step,




vari abl e.

WD 01/ 057775 PCT/ US01/ 01988 43 TYPE TAG DESCRI PTI ON SUB- TAG

Drawi ng DRAW Tag encapsul ating information SIZE Elenents needed to draw an

obj ect

to

| ogi cal

t i rwe 0R@8I7T8 ON wi ndow. FORECOLOR BACKCOLOR EDGECOPOR/USROBSEORD Tag
contai ning information on -- transfor4ting from physical
coordi nate system

a 2D screen.

The backgrouH
edge. PO
DRAWSI ZE The
Conponent Des
create a cell
chem stry. Cq
descri be the
the set of tg
the syntax

e

g

This can also control the rendering of a 3D object on
YBR OO PralC 1 OF egr oUNgpSPRFPTAONAN - - - ObJ eFEUBBARKCAL CR
OOt DH aft UUJ Cb LUIU[ T all (jb ecCl
e oo TP ot T T an ooeTy 3
si ze of ?REé‘lCe?@ﬁ{ in - -DeSICE)‘Q?Sc%\F“‘a‘Ea“v\f'HQ“tgﬁ’ac Cb@’;%WﬁB’ t
criptionCass Library T§eCtOR+ cl ass obj ects thBF are used to
nodel and sinul ati on,| Rndtaleser#iyodeds mithhe iR cs and
1M Defiinition / A def| Firivaaharef Réeesenteintiasp | anguage usedfto
DTD nodel s of the prese(rm)s)nvent ion. This invplves devel opilng
gs to useg her a li
1 y{L Qﬂ} éfeﬂgnto%?et DEBMpoNeNTR] 1f e
nd al | ow %ﬁd}e}isw V] Comgp Yd BH})‘@?@& of 2 | CONSTANT
CellModel. .
COMPONENT Representation of a single VARIABLE
chemical species. This tag can | DBLINK
contain information on
concentration, formula, and
structure. (EDS)
HISTORY The value of a "property" (e.g., | ---
COMPONENT, VARIABLE)
as a function of time.
KF Forward Reaction kinetics for | COMPONENT
single REACTION. EQUATION
KR Reverse Reaction kinetics for COMPONENT
single REACTION. EQUATION
INTEGRATE Used to store information ---
’ about the type of integration to
be run. Contains starting and
stopping time, time step, and
type of integrator to be used.
PROTOCOL Description of a time based VARIABLE
protocol applied to a Cell
Model.
REFERENCE A bibliographic tag used to ---
describe where this model
came from. This will
ultimately contain several sub-
tags for elements such as
"<author>", "<volume>",
"<date>", etc.
Specific [ONCURRENT Used to represent an ion GATE
Cell current. COMPONENT
Model GATE A Hodgking-Huxley type gate | EQUATION
Elements element.
PROTEIN Descriptions of a gene product. | ---
DRUG Description of drug effect on -
elementary, binary or pathway
data structures or protein or
variable.




Par ser The Par ser

Is used to generate "run-tine objects"” of the
conponents based on an XML input file and the
Thi s conswetm/08f774 wo conponent s:
input files and generates the hierar#hical
"obj ect constructor” which creates and initializes

cel l

(2) The

systemclass |library data.
(1) The raw XM. parser t ratr/usernc®ss he
tag and text nodes.
obj ects based on the

XM cont ent Y ter—COnver rTags to reap Cl §Ss
Ob.l eCt S' O ﬂﬁf l oh [‘t‘é‘ﬁ‘I Res Q\,C+ %ELSIIB?P%Q@N gu I. U I III. gﬁB[\@L?;/:_I |T¢;.de|
over time hitawing uhDRAWactions. |VBEFIFOBSHetngpeiomatan o) O 44
Conponent D¢&dementsoh Conponent Edi|thseded foodrawpasddectis 2t haPOBETION t o
create and fnitialize the set of dhewdeal conponents w th| RORECOLOR
“environnent" of a ¢ell nodel. Redction Editor A form basegda@dcosed to
graphical lyjcreate ajchem cal reagtion or pathway. Equatip D J el to
al | ow mat hefmatical equations to be lentered into
format (as ¢pposed t pLOEGR@RDve NaTmonrcammvyformw@malse t-ft nkage Used|to
connect thelsystem of the present i|nvaensfiroring fomeptyeicablo dat abase system
containing gnformati pn on cell conpopeat saordlingteaslystendi. t or Al | ows the user
to graphically edit @ cell nodel usliTigsciealsorcestrsiubd as df ag- and-drop &nd
in-lace actijvation. [Data Plotting |S¢ati@nglofgel®objcloh and| possi bl e 3D
plotting sy$tem Thigs is a ful I -featm eékesy St em gi vi ng combl ete control
over the | ayout, sc L Vis . ham ¢ Form Sy$t em
This system|jis used {1 gb(%r eate a di a %W%E’?ﬁ#%ﬁ&%m Diy1put file orSy i
system nodel] obj ect. (Fhi-s—al ' WS cb'q Sodets—to—pe—edi-tedand ||u|"‘|i1‘3i.u af ed
i n a Very f| exi b| e ,\MCKCOLOR The background COlOl’O an -
object.
EDGECOLOR The color of an object's edge. ---
POSITION The position of an element in -
logical drawing space.
DRAWSIZE The size of an element in --
logical drawing space.
Example 3
Component Description
Class Library The C++ class objects that are used to create a cell model
and simulation, and describe its mathematics and
chemistry.

DTD

CellML Definition /

A definition of the mark-up language used to describe the
models of the present invention.

This involves developing the set of tags to use with
CelIML and putting together a DTD to formalize the
syntax and allow models to be validated by browsers.

Parser

system

obj

class library data.

This consists of two components:

(1) The raw XML parser that reads the input files and
generates the hierarchical tag and text nodes.

(2) The "object constructor" which creates and initializes

ects based on the XML content.

The Parser is used to generate "run-time objects" of the
cell components based on an XML input file and the

Class Conv

erter

Conversion of XML tags to leaner MathML class objects.

Computation Engines

Systems that are used to integrate cell model over time
and evaluate reactions.




bj ect Serialization Used to read and wite (serialize) object-based cell
nodels in a binary format. This is required to enable releasing
propri et awg oe@b1775rodel s. Qut put Engi nes The out put engi ne®Caresouswast o t ake

an object based cell nodel and gener#te text output in several different
formats. Formats bei i ng. con5|dered |ncI ude (1) XM output file (2) Fortran
and/ or C equgttorrs—teft+mng—tie—cet—mnodet betravror—3—Sonme—formrof

vi sual pr esertSIPBARSH + ho npt nAIESEYIRHER equations (HTM/MathM.— TeX,
rich-text). Jdvemponsbt Mbidel A | dofortihbased |G HwbatGe usev tonuersk snd dnibielizd theed
in a Viewer |browser. Java-base¢detMofddlemécad gstneonanth wohindesiegmidnment! whiai 1] a
Java environnent. Editor User |Peduieiet.ati on User manual describing the (se
and operati or @f,cfiBgEdRYSt em of A ﬂﬁm%z?s%@'@m'd}}é@m %ﬁBhan‘if LRGrdeLIR Ik E €]
Online versidn of user rranual ar.léia&,'ak%gp@thmg of |nto the system of
t he present imvenrtioen—Exanpte Ore—o ye—tiH ,uc S the ent
i nvention is [tHEaLBR Editgr of t hZJS§ & alloy gn Ay ﬁb?)‘&aé‘ow fonben‘?'HB‘@H into
mat hematics. |[This all ows users i3y 6@? i ISETA1ISH PPRATE4° thesnatiysst r et
conpl ex nodells_of biological s M%W

mat hemat i cal |Mdsbasadinkags 15 |U$pderseasrtneetathgrsa:phnmﬁlthmdeénton‘ivdnhewar| oys
reaction patihways present whenedteeedildatabade syatedm cduodiaingdnfdrinatiomboh icall
conditions fqr 5 the conponentsompohdis.T-cel |l nodel set for the bel ow

Initial Condilty;0ng dfffor LNE w”ﬁ%ﬁﬁ%sth%sér“t@ faphically VAR celFmoUARshg - U
" graphrcally ce sing
GATA3 = 1.0 110 cma % 1.0 Y = eaQures such as drag-and-drop and in-lace activation.

-

Data Plotting System A generic 2D and possible 3D plotting system. This is a
full-featured system giving complete control over the
layout, scaling, and visual format of a plot.

Dynamic Form System | This system is used to create a dialog form from an XML
input file or a system model object. This allows cell
models to be edited and manipulated in a very flexible
way.

Object Serialization Used to read and write (serialize) object-based cell
models in a binary format. This is required to enable
releasing proprietary cell models.

Output Engines The output engines are used to take an object based cell
model and generate text output in several different
formats. Formats being considered include:

(1) XML output file
(2) Fortran and/or C equations defining the cell model
behavior

(3) Some form of visual presentation of the mathematical
equations (HTML/MathML, TeX, rich-text).

Java /Web Model A tool that allows CellML models to be viewed in a
Viewer browser.

Java-based Model A system editor designed to run in a Java environment.
Editor

User Documentation User manual describing the use and operation of the

system of the present invention.

Online Help System Online version of user manual and integration of this into
the system of the present invention.

Example 4

One of the unique aspects of the present invention is the ability

of the system to build models with hidden mathematics. This allows users to



NFIL6 = 1.0 X=1.01L4 = 0.0 15 1IL5 = =
= 3.0 NFATcP = 5.0 20 NFATc = 1.0 IL4R 0 Jak3 O NrFkb = 1.0 ras
1.0 25 wafo1esm7® rac = 1.0 p3 8Jun = 1.0 JunFos = 1. 0PCTARor0mS® 30
ATp = 1.0 PIP2=1.0 IP3 =1.0 DA 1.0 PLCg =1.0 35 PI3K =1.0 Cefs
0O SLPvav = 1.0 Ca2=2.0 PKC = 1.0 40 Calcineurin = 1.0 PI =5.0 CD28

1.
0.0 TKK = Lofstrfct dflpeR Hi88els of Qological systems without in-depth knowledge

of mathematical modeling.

0.0 1IL13 0.0 IL6R = 0.0 STATE
= 0. = 3.

-l

FIG. 15 represents a graphical model of the various reaction
pathways present when T-cells activate. Consider the initial conditions for

5 the components of the T-cell model set for the below:

Initial Conditions for the Components of the T-Cell Model

STAT6p =1.0
GATA3 =1.0

10 cmaf=1.0
Y=1.0
NFIL6 = 1.0
X=1.0
IL4=0.0

15 IL5=10.0
IL13 =0.0
IL6R = 0.0
STAT6 = 3.0
NFATcP =5.0

20 NFATc =1.0
IL4R = 0.0
Jak3 =3.0
NFkb = 1.0
ras = 1.0

25 raf=1.0
rac = 1.0
p38Jun=1.0
JunFos = 1.0
TCR=1.0

30 LATp=1.0
PIP2 =1.0
IP3=1.0
DAG=1.0
PLCg=1.0

35 PI3K =1.0
Gefs=1.0
SLPvav=1.0
Ca2=2.0
PKC=1.0

40 Calcineurin = 1.0
PI=5.0
CD28 =0.0
IKK=1.0
Z=5.0

45 Fos=1.0



WO 01/ 057775 PCT/US01/ 01988 46 STAT4 = 3.0 STAT4p = 1.0 IFNg = 0.0 5 The
follow ng system of equations represent T-cell activation for the initial
conponentwoon@s17rdns | i sted above: Equations for represenPCA@SComysnent s
dSTAT6p/ dt = k7 * STAT6 + -kO * STAT6 10 dGATA3/dt = kO * STAT6p + k26 * Z
+ -k3 * GATA3 dcmaf/dt = kO * STAT6p + -k5 * cmaf dY/dt = kO * STAT6p +
-k2 * Y dNFI LETUR TS =K9.0* STAT6p + k6 * IL6R + k19 * LATp + -k4 * NFIL6
dxX/dt = k3 * GATAB ey = -k * X 15 dlL4/dt =kl * X+ k2 * Y + k4 * NFIL6 + k5
* cmaf + k9 * T_c +, k16 JunFos dlL5/dt = k3 * GATA3 + k11 * NFkb + k12 *
NFkb + k16 * \} "dl L13/dt = k3 * GATA3 + k12 * NFkb + k16 * JunFos
dlL6R/ dt = -k6 * IL6R 20 dSTAT6/dt = -k7 * STAT6 dNFATcP/dt = -k8 * NFATcP

dNFATc/ dt 5= k8 * NFATCPTf kﬁﬁlowﬂhéfsy"étedfgof* efNeAildns SHprdfnit Tcetikd@ivatidedR
dJak3/dt = klO * IL4R 25 dNFkb/ dt ="-kl Fkb + -k12 * NFkb dras/dt =

k25 * Gefs + fo3Qhé iliAG] tonlpbAetit c«amhndnahswd abol&3 * ras + k27 * PKC + -k28
* raf drac/dt = k24 * SLPvav + -kI4 * rac dp38Jun/dt = k14 * rac + k28 *
raf + -kl 5 * Eguatignsdonyepresengi "'-?iw + k29 * Fos + -k16 *
JunFos dTCR/dt = -k17 * TCR dLATp/dt = k17 * TCR + -k19 * LATp dPIP2/dt =
k22 * Pl + -KkdSTATBpbRZ = #7P35TA TS leO’* STRP6p -k21 * |1 P3

10 dGATA3/dt=kO0 * STAT6p + k26 * Z + -k3 * GATA3
dcmaf/dt = kO * STAT6p + -k5 * cmaf
dY/dt=k0 * STAT6p +-k2*Y
dNFIL6/dt = kO * STAT6p + k6 * IL6R + k19 * LATp + -k4 * NFIL6
dX/dt =k3 * GATA3 + -kl *X
15 diL4/dt =kl * X + k2 * Y + k4 * NFIL6 + k5 * cmaf + k9 * NFATc + k16 *
JunFos
dIL5/dt = k3 * GATA3 + k11 * NFkb + k12 * NFkb + k16 * JunFos
diL13/dt = k3 * GATA3 + k12 * NFkb + k16 * JunFos
dIL6R/dt = -k6 * IL6R
20 dSTAT6/dt = -k7 * STAT6
dNFATcP/dt = -k8 * NFATcP
ANFATc/dt = k8 * NFATcP + k28 * raf + -k9 * NFATc
dIL4R/dt = -k10 * IL4R
dJak3/dt = k10 * IL4R
25 dNFkb/dt = -k11 * NFkb + -k12 * NFkb
dras/dt = k25 * Gefs + k30 * DAG + -k13 * ras
draf/dt = k13 * ras + k27 * PKC + -k28 * raf
drac/dt = k24 * SLPvav + -k14 * rac
dp38Jun/dt = k14 * rac + k28 * raf + -k15 * p38Jun
30 dJunFos/dt=k15 * p38Jun + k29 * Fos + -k16 * JunFos
dTCR/dt = -k17 * TCR
dLATp/dt =k17 * TCR + -k19 * LATp
dPIP2/dt = k22 * PI + -k18 * PIP2
dIP3/dt = k18 * PIP2 + -k21 * IP3
35 dDAG/dt=k18 * PIP2 + -k30 * DAG
dPLCg/dt =k19 * LATp
dPI3K/dt = k19 * LATp + k23 * CD28
dGefs/dt = k19 * LATp + -k25 * Gefs
dSLPvav/dt = k19 * LATp + -k24 * SLPvav
40 dCa2/dt =k21 * IP3 + -k20 * Ca2
dPKC/dt = k20 * Ca2 + k30 * DAG + -k27 * PKC
dCalcineurin/dt = k20 * Ca2
dPl/dt = -k22 * PI
dCD28/dt = -k23 * CD28
45 dIKK/dt =k23 * CD28
dZ/dt = -k26 * Z




35 dDAG dt = k18 * PIP2 + -k30 * DAG dPLCg/dt = k19 * LATp dP13K/ dt k19
* LATp + k23 * CD28 dGefs/dt = k19 * LATp + -k25 * Gefs dSLPvav/dt kl 9
* LATp + wk24/05778 . Pvav 40 dCa2/dt = k21 * IP3 + -k20 * CatPCaRisCi/otoss= k20 *
Cat + k30 * DAG + -k27 * PKC dCalcimdurin/dt = k20 * Ca2 dPl/dt = -k22 *
Pl dCD28/dt = -k23 * CD28 45 dl KK/ dt = k23 * CD28 dz/dt = -k26 * Z WO
01/ 057775 PCT }g? @gg = k28 * raf + -k29 * Fos dSTAT4/dt =
-S_IT_%M* gTéT? : li3 % %I’AT4 + -k32 * STAT4p dIFNg/dt = k32 *

p e FSS—{‘& Sg dclick on the "." linkin
each of the #odedT4 on%%ks ﬁé ? SF%gﬁg’klnetlc par anet ers ’
(accessi bl e fdlbMglde= daRabadayT Atpnereby altering the system of equations
reprlestentﬁng Eﬂe nmodel . In this way, the nodel incorporates qualitative 10
sinmulators w guantitative nodel can,be jntegraked.into a
system nodel , such as TRErIng aFEéPeFr{H]alt%’tfnu?eﬁ Cr%é‘glﬁg‘f:kiodl rthr|OI ks}ng
| ustrated in.plGe 10, IR *ydé | ALAYEALHE adtPOinseR SIdYA! disdie: hpdaRRAGREOUS

time scal es 6Gnd°in via qualitative and quantitative
anal ysis. 15 (higyesBiblé hﬂ%nﬂeﬁaer ihrbasd)etlienstgnt dlearingn that syesterhubf  elgtagions i t
will be understood that such detail need not be tr| ctly adhered.to but
tEa]t I VSI’I ous repteasndsg avie mmieh c&lﬂl s Ay Hhisg elt HeRERATatES ﬂBg](B‘ﬁ‘é‘ve
skille | the a all falli t he scope of the present invention
as def | né b;ﬁl@agﬁ%f%‘é’a“h %‘faé’it g&"/"657775 PCT/ USOl/01888

This model can be integrated into a system model, such as T-cell

differentiation in rheumatoid arthritis illustrated in FIG. 10. This allows the
user to simulate the heterogeneous time scales found in the system model via
qualitative and quantitative analysis.

15 Having thus described the invention in rather full detail, it will
be understood that such detail need not be strictly adhered to but that various
changes and modifications may suggest themselves to one skilled in the art,

all falling within the scope of the present invention as defined by subjoined

claims.



48 CLAIMS What is clainmed is: 1. An interactive systemfor mathematically
nodeling biological 5 information fromthe subcellular to the cellul ar,

ti ssue, awoongEms | evel, conprising: a) at |east one dat ecagsovorysai ni ng
bi ol ogical information which is use8to generate at | east one data
structure having at | east one attribute associated therewith; 10 b) a user
interface for interactively view ng andcggilg #g\g attributes the data
structure to create at | east one hierarc description of- subcellular,
cellular, tissue or organ function; c) an equation generation engine
operative to generate at |east one mathematical equation fromat |east one
hi er ar chi cal n$ plallmd is115 and d) a corrput ational engine operatl ve on at
| east one rmathemati cal

attl on. to yna t% ogl C
An interactive conputer Ai”hﬂ)‘? FRSHIVE 45X %’Peﬁﬂra@a%ﬁa{ Vn“’@?lﬁllﬁg 8 glca
wherein the Usghrhii6h 86/ hd %‘N%cél%lafrht% ltﬁéﬂ%'eﬂglatrogf‘srshér aﬁatafglaﬁt ?éVeflrom

a plurality of data structures. 3. An interactive corrputer-lrrp enment ed
system as recedmprisingcl aim 1, vvherel n the data structure is selected from
the group consisting of 25 elenentary, binary or pathway data structur es
or a combination thereof) 4. amemt@%eaé‘@rab@swﬁﬁtﬁlém hmlegr@ﬁk apfospation as

recited in Cl\{va{ch 3”% u‘@hﬁr Jékl R Xstaggquﬁip | nc Spaiht A it e

arranged as s ranS| agr ans erac

conmput er - npl@tmmt@cbsgy@hmﬁgrg@@h,t ed in claim 1, wherein the database
conprises at |east one external database. WD 01/057775 PCT/US01/01988 49

6. An intldractive corrpubbr-l Aphesre mtetfasy sfoemnderacieelyedidwing| andn edltlng
sher i n the e ereL | GaL aunLl B0 COTRLLSES Bl SaSh R SN 0R A
subcellular, cellular, tissue or organ function;
c) an equation generation engine operative to generate at
least one mathematical equation from at least one hierarchical description;
15 and
d) a computational engine operative on at least one

mathematical equation to model dynamic biological behavior.

2. An interactive computer-implemented system as recited in claim
20 1, wherein the user interface allows for the linking together attributes from a

plurality of data structures.

3. An interactive computer-implemented system as recited in claim
1, wherein the data structure is selected from the group consisting of

25 elementary, binary or pathway data structures or a combination thereof.

4. An interactive computer-implemented system as recited in claim
3, wherein the binary and pathway data structures are arranged as state
transition diagrams.
30
5. An interactive computer-implemented system as recited in claim

1, wherein the database comprises at least one external database.



6, wherein the equations represent linked attributes derived fromthe
plurality of data structures. 8. An interactive conputer-inplenented
system aswpagiosE@dsin claim 10 6, further conprising a corPCalshi/osengi ne
for solving the equations generated 4y the system 9. An interactive
conputer-inpl enented systemas recited in claim 1, wherein the data
structure conprises an elenentary data structure having at 15 | east one of
a variable or protein. 10. An interactive conputer-inplenented system as
recited in claim g, V\h@[rﬁld'ieltabﬁvéi%bﬁapilttéﬂlﬁﬁ T ch@EPEY 185 A& REndd Yn dadimh
structure which is a conposition of at least two el enentary data

struct ures havi mpeedinltbastatigati@l aquatisitcoorprides mtbeistvern eqldtionyn
interactive conputer-inplenmented systemas recited in claim 1, wherein the
data structure conprises a binary data structure which is a conposition of
at least t el ement ar : '

const ant a%us)om at ez thg&qﬁﬁ%&gégg&%ﬁﬁ%ﬁ\r{g F@etéﬁéc&(;%%:tﬁrg&%l{e gcrlnlaﬁélam
system as recp! @lhetdinahaicquatlonsiepredcnt tinkedaltaitaltéuidétival GONPHSphurality

pat hway dat a structure which is a conposition of nore than one binary data
structure. 300f\dr@IStOBTIES. PCT/ USOL/ 01988 50 13. An interactive
conputer-inplenented systemfor mathematically nodeling biol ogical
information fromthe subcellular to the cellular to the systemlevel
conprising: a) at geast Aﬁﬁﬁltaakﬁb@%%n@%@é@in@pleﬁleaté& St&dlasi REREAR cRAm 5
which is used to generate a plurality of data structures, each having at

| east onH) at 6y fibtiiee @ssmisiag @dcdrhelnton tengine) far wwdeingi thanfuanensf genaratd ng,
editing or linki ng the plurality of data structures to generate at | east
one hi erar chi BAhY8¥e¢eMpt i on of ~a biol ogical system 10 c) an equation
generation engine operative to generate a plurality of mathemati cal
equations fromat |east one hierarchical description of a biological
system and 9. An interactive computer-implemented system as recited in claim

1, wherein the data structure comprises an elementary data structure having at

15 least one of a variable or protein.

10.  An interactive computer-implemented system as recited in claim
1, wherein the data structure comprises a binary data structure which is a
composition of at least two elementary data structures having at least one

20 transition therebetween.

11.  An interactive computer-implemented system as recited in claim
1, wherein the data structure comprises a binary data structure which is a
composition of at least two elementary data structures having at least one rate

25 constant associated therewith.

12.  An interactive computer-implemented system as recited in claim
1, wherein the data structure comprises a pathway data structure which is a
composition of more than one binary data structure.

30



d) a conputational engine operative on the plurality of nmathenmatical
equations to nodel dynam c biol ogi cal behavior. 15 14. An interactive
conput er -wophesEnt ed systemas recited in claim 13, wher @Ca/iSaE01988

mat hemati cal equation conprises at | e#st two equations. 15. An interactive
conputer-inplenented systemas recited in claim 20 13, wherein the
equations representy |inked aidteidetives deompaded-implenientedl ur systemy of fodat a
structures. 16. An interactive conputer-inplenmented system as cited in
claim 13, wheatbematinellplmeddling biglogwehdnirmasionefoat F%§“B‘f?§{‘§% Hatthe a
simplified 25 system of a specified function or a |unped nodel. 17. An
interactive @6%%@9%%}/?&%@?8&1 QPEPBM"8s recited in claim 13, further

conprising a correl ati gy engjing,0Pehatdasbdse 6sNelmhe Wobdgivdli frifefnatyst em
of equations. 30 WD 01/057775 PCT/US01/01988 51 18. An interactive

conput er - 5 nphaitentie dissy b arenasate ec phuraliiyn of Idatarstra@urésyreahbrhayorgpar $¢asy
explicit and inplicit nmeans for nunerically solving the plurality of
mat henat i cal o@qwétrﬂumaswcyg?dmer.em@;acti ve conputer-inpl emented system as

recited in claim 13, erein th | ty of . emg:i:cal eq QN re
solved by parallel aldorit I‘ﬁm&segomt%\fg‘%ént%rraf(\:lf%tggtc%&?gr P?rrgﬁ%fn n?gg

system f or mb‘iiﬁx'aiuw of MtPiehowikéato boianmmit Rast hed hreswhidad descripaidr ofl e
time franmes inherent in biological processes conprising: a) at |east one
dat abase contadbiniogicddi ylstegmrscal i nformation which is used to generate a

plurality of data structures each having at.|east. one I but cjated
t her ewi tﬁ? 15 b) a user®)i nt ¥ §98aHQR gﬁqgﬁth%f} “B&1S r?é’eg%’&‘{el gﬁgiieél%?%g .
plurality of g@;ta?itif[orf‘lﬁﬁﬂ%ﬁﬁ%tﬂ:gl BgRA1GHsCrrBin heRrakt OAE hidrafodicdlidedtription
description S bl ogi cal systéem c) a correlation engine operative on

at | east one dfi=epiatsdicsladystedesantpti on of a biol ogical systemto generate a

sinplified system of . .
i Y d) a computational engine operative on the plurality of

mathematical equations to model dynamic biological behavior.

15

14.  An interactive computer-implemented system as recited in claim

13, wherein the mathematical equation comprises at least two equations.

15. An interactive computer-implemented system as recited in claim

20 13, wherein the equations represent linked attributes derived from the

plurality of data structures.

16.  An interactive computer-implemented system as recited in claim
13, wherein the plurality of mathematical equations approximate a simplified

25  system of a specified function or a lumped model.

17.  An interactive computer-implemented system as recited in claim
13, further comprising a correlation engine operative to generate a simplified
system of equations.

30



20 equations; and d) a conputational engine operative to solve the
sinplified systemof equations to create a nodel of a dynam c bi ol ogi cal
process. W0.01A51et hod for creating a nodel of biological iPafrarsoroioss for
use 25 with a conputer system conpriilsing: a) accessing at |east one
dat abase contai ning biological information; b) generating a plurality of

data structures, eagh haxing éct.ixlee@o%p?@?.iﬁl@ém&%@ Sg%%méatédgg{g%hh:

30 ¢c) interactively viewng editing or linking the plurality of

structures to igefarihtecamplkieast explcihamd anplicit aheatsfor nptieoivallly solving the
bi ol ogi cal systeny and WO 01/057775 PCT/US01/01988 52 d) .utilizing a at
| east one compluepity @dimathgmasicabequpiionsmat i cal |y generate at | east one
nodel of a biological systemreflective of the nultiple tine frames

i nherent in biological processes. 5 22. A nmethod for creating a nodel of

bi ol ogi cal si nformatjion fRh iH&RactWd fbrApRIRMPEIMSNEd 8FFREm ASEddiRM innclal@l m
21, wherein the database containing biological information described data
obt ai ned fromidt, whkerein dhe plheddoy avfomatiexpeti¢alesquatiods 28¢ olved Hyd phmilel
creating a nodel of biological information for use wth a conputer system
as recited inX$URBSE further conprising interactively view ng

het er ogeneous out puts generated by the conputational engine. 15 24. A

met hod for |inking nodels of subcellular and cellular processes to systens
processes conpri si ng. a)Agengesdctiveé abniprast-implentenesdr ohitanal foesmbidplihgn
of subcellular function fromat |east one database contai ning biol ogical

i nformati df, thhelogicel aindprraationidbat iageowHs glonemattiics Hige Aramesadehaspet dat a
20 structure avli n?c ‘glt | east one ait tnr i.bute associated therewith; b)
generating at TRV RERTEF LI ¥APE A" description of cellular function by
linking a plurality of afytri byt pasObnsubagbdse! ainthinies i1161dgiedD IdTBrmation

hi erarchi cal description of subcellular function;

which is used to generate a plurality of data structures each having at least
one attribute associated therewith;

15 b) a user interface for viewing, editing or linking the
plurality of data structures to generate at least one hierarchical description of
a biological system;

c) a correlation engine operative on at least one hierarchical

description of a biological system to generate a simplified system of

20 equations; and

d) a computational engine operative to solve the simplified

system of equations to create a model of a dynamic biological process.

21. A method for creating a model of biological information for use
25  with a computer system, comprising:
a) accessing at least one database containing biological
information;
b) generating a plurality of data structures, each having at
least one attribute associated therewith;
30 c) interactively viewing editing or linking the plurality of
data structures to generate at least one hierarchical description of a biological

system; and



c) generating at |east one hierarchical description of system 25 function
by linking a plurality of attributes of cellular function fromthe

hi erarchiwalolwgewes i pti on of cellular function; and d) uti [PCTIUsgl/en9ss east
one conputational engine to mathenmati2cally generate at | east one nodel of
a biological systemreflective of a biological system 30 25. A nethod for
| i nki ng nodel s of subcedl} ul autibiathgceb| wWtarleagir aars sesmpotasivabEmBnpinecesses
as recited by claim24, further conprising the WO 01/057775 PCT/ USQ1/ 01988
53 step of utirthemagically) gensraisnat eanparamasicdiolen§idlegicsl pusteanseliesivey

generate a nodel of, a bi.ol ogical .process after. t step of generating at
| east one hi%ﬁi‘?c‘ﬁ?%lﬁle& sec?ria%leisolﬁhg?e%g&bggl?%ﬁcgp&fotfﬁé{)elsm. 5 26. A nethod

for linking nodels of subcellular and cellular processes to systens
processes as recited by claim?24, further conprising the step of utilizing
at | east éne conpulZti oAahetngi fre dreatimg heneddlod] biplaggodriafemaionlsl uef a
bi ol ogi cal process after the ste nerating.at | east one hierarchical

f
description o¥8eP| GPRPYUINSYSEGH ‘1950 rggl_te WeCHIM o Swrein (’glqugdatabase
d I t isi ) i Cai i
evel opmen f«%ﬂlg&hﬂ%n%h@%gf&q'ﬁ%rﬂ?ﬂ% heasihedn tga%tfiggx%tﬁ HOR & MY one

bi ol ogi cal rma generating a plurali a structures, each

having at 15abeaséryongeainiéntbut € associ ated therewith; c) interactively
viewing editing or linking the plurality of data structures to generate at
| east one hierarchical description of a biological system and d)

utilizing,at |east,pne ¢o t at L onal .engi ne 0 t.henat.i cal | ener at e
at Iea;tqgne rmg:lelzgf a‘gbrflngﬁ}?gl €0§|°rg§}gq§m%4q9§éfql\9§agl i lflt%m}?ﬁ}%. ¥ me
frame i nherenkithn abi QngdliteAl spiiomesieSrec#d h ELNAd X107 fyfRer NedihpAbing!
trials conprising: a) accessing at |east one database containing biological
25 i nf or mat i dnteractively viewing heterogeneous outputs generated by the computational

engine.

15 24. A method for linking models of subcellular and cellular
processes to systems processes comprising:

a) generating at least one hierarchical description of
subcellular function from at least one database containing biological
information, the hierarchical description generated from at least one data

20  structure having at least one attribute associated therewith;

b) generating at least one hierarchical description of cellular
function by linking a plurality of attributes of subcellular function from the
hierarchical description of subcellular function;

c) generating at least one hierarchical description of system

25 function by linking a plurality of attributes of cellular function from the
hierarchical description of cellular function; and

d) utilizing at least one computational engine to
mathematically generate at least one model of a biological system reflective
of a biological system.

30
25. A method for linking models of subcellular and cellular

processes to systems processes as recited by claim 24, further comprising the



b) generating a plurality of data structures, each having at |east one
attribute associated therewith; c) interactively viewing editing or |inking
t he pl ur avpotog/osf775 data structures to generate at | east on@CRESoHNOBS cal
description of a biological 30 systei® and WO 01/057775 PCT/US01/01988 54
d) utilizing a at | east one conputational engine to mathematically
generate at |@asbr angi-imAe! [kt 8ndompatfiiinad ¥ape toehhtrmatallgfgeneeate
multiple tine frame inherent in biological processes. 5 29. A nethod for
use in ef f ectaiadddey ef ianbudbgidahgrosess elbemithsistep ofagensradngiaigleast pegst
one dat abase contai.ning biological , information; b) generating a pluralit
of data struduefegehicabdsscrpfio g"fgchbCF’@‘é@f r%%‘}\cémd'{'t ri bute associ at ed Y
therewith; 10 c) interactively viewing editing or linking the plurality of
data structures to generate at | east one hierarchical description of a

bi ol ogi cals syst emg. andad)methbli fongdliskiag Ineedsls onf swbhmslindari endl celylame t o
mat hematically generate at | east one nodel of a bjiol ogi cai1 system.,
reflective IFoofssehéo FHStENS| RIOCEFRES fas ARBILeH BB Aakn 24, B %?%Pnf}ﬂgéésses.

step of utilizing at least one computational engine to mathematically generate
a model of a biological process after the step of generating at least one

hierarchical description of cellular function.

10
27. A method for use in drug development comprising
a) accessing at least one database containing biological
information;
b) generating a plurality of data structures, each having at

15 least one attribute associated therewith;

c) interactively viewing editing or linking the plurality of
data structures to generate at least one hierarchical description of a biological
system; and

d) utilizing at least one computational engine to

20 mathematically generate at least one model of a biological system reflective

of the multiple time frame inherent in biological processes.

28. A method for use in clinical trials comprising:

a) accessing at least one database containing biological

25 information;

b) generating a plurality of data structures, each having at
least one attribute associated therewith;

c) interactively viewing editing or linking the plurality of
data structures to generate at least one hierarchical description of a biological

30 system; and



WO 01/057775 PCT/US01/01988

10

15

54

d) utilizing a at least one computational engine to
mathematically generate at least one model of a biological system reflective

of the multiple time frame inherent in biological processes.

29. A method for use in effectuating clinical diagnoses comprising:

a) accessing at least one database containing biological
information;

b) generating a plurality of data structures, each having at
least one attribute associated therewith;

c) interactively viewing editing or linking the plurality of
data structures to generate at least one hierarchical description of a biological
system; and

d) utilizing a at least one computational engine to
mathematically generate at least one model of a biological system reflective

of the multiple time frame inherent in biological processes.



