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ABSTR ACT 
•

We have developed a general purpose- computer program for the functional simulation of
reoulatniy genetics. This simulator is knoi.viedge.buseci and was developed using the Unit System. a
toli....are tool for the acquisition, repiesentation. and manipulation of hierarchicall., organized
kilo...ledge. The advantages of a knowledge-blsecl design are presented, and -tire simulaior s
archnec?ure is described. Its performance on me decision between lytic and lysogenic growth in
r.lacterionilage Lambda is reported.

INTRODUCTION 
The development of flexible. easy-to•use simulation programs can provide the experimental

biologic; with poweitul tools for the elucidation of the functioning of complex natural systrims.

Simuldtois serve two major purposes: the first is the verification of scientific thP.ories the second is

xperimental result prcliction. Thr? verification function is called upon when existing t:leories are

btling cxtended or new theories are being ç enerated to explain experimental data: the predictive

capabilities are used to predict laboratory results in order to eliminate a great deal of experimmtal

effort.

An esoecially important role for a simulation pro.warn would be as par; of a larger employing

art■ficial innelligence techniques to develop mcd.els of a biological system bar:ed on experimental

OUSerwitiOris. Such a program would accept as Input observations of a s; stem cud would !fiocii:ce as

output a model for tn.t system that could account for the observations. The r.:niu!ation portion of such

a program would be a crucial tool for ensuring that on:y theories mat were con::..-4 with thc data

were dewloocci. It's a major research goal Cf the HOLDEN pi °met to explore methods tor building a

systym pe7tOrh: this kind of automatic them y formation.

Traditieni..,Lauornache:t

The mcst widespi cad apProaah to genetic simulation is based on developing large systems of

differential equations that predict protein and nucleic acid levels as a function of time An example of

this approach applied to Eiactcriophane LaniUda can be found in f 1 j. Th.s methodolug,y results in

Quantitative predictions, but sulfurs from !lie orawback that no lunctional informal:on is provided. It is
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also restricted to systems whore a great number of kinetic parameters are accurately known, and
such is frequently not the case

Another approach to genetic simulation is based on modeling "genetic control circuits" as sets of
Icoic equations and predicting sequences of genetic events by searching for stable states in a matrix
derived from the equations [21 ...Nei. this approach results in functional predictions. much of the
information inherent in the system is lost in the abstraction of representing biochemical entities as

boolean variables As a result it is difficult to answer why a system behaves in a certain way without
describing how the logic equations were constructed.

Knnwledge•eased AnDroaCO.

Our worts has applied a ;ii:owledoe-based approach to the problem of biological simulation The
distinction between a system founded on a database and one founded on a knowledge-base is
somewhat fuzz,,, bid the follw.rirri 'tat should serve to point out some of the basic differences.

Content • knowledge bases contr.in both factual and procedural information, while
databases tend to contain only factual information Futhermore, the factual information
in knowledge bases vanes from simpie symbols (numbers. strings, and the like) to much
more como:icated forms (DNA restriction maps. electron density maps. etc ). An
impotent iybe of information teat is common in knowledge bases but rare in databases is
meta krowiedge: kno,Nledge about how to use other knowledge An example of such
meta4.nowledge is heuristics ter determining how relevant and trustworthy other
kr iwlectou is under a variety of circuiiistariceS.

• Structure: databases most 0:ten ha,e 3 rigid. well defined format that can be expanded
or compressed, but cani-ict fundamentally be changed Most relerences in databases are
explicit. Knowledge bases in contrAst have a very fluid, dynamic struc:ure, and many
references are contained iniplicitly.

• Complexity: the tritormation in did ,hasos oftm lends itself to rather straightforward
analysis while the information in knowledge bases can be used as a basis for
"reasoning" about poorly defined p•chlems. For example. databases have been used to
find statistical corre;ations between synintcms anLi diseases [3], while knowledge bases
have been used in the development of pioel ern:, to eel term automatic diagnosis of
human illnesses 14- 51-

Our work has shovm that a kno-...ledge based approach can have significant advantaoes over the

alternative methodologies mentioned above Unlike a simulator based on differential equations. our

simulator in not dependent on detailed kinetic data, and unlike a simulator based on logic equations,

ow simulator retains all information inherent in the system. A knowledge•bascd system can take

advantage of air data about a system, both declare: and procedural This allows our simulator to

predict not only what happens, but to predict why it happens, as well.
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THE $IMILLATOR 
The simulator was developed using the Unit System [6, 71. a system for the acquisition,

representation, and manipulation of hierarchically organized knowledge. It was chosen for use on

this project because it has a well-developed user interlace that is customized for the realm of

molecular genetics, and because It contains a Rules Language. an English-like language that allows

specialists unfamiliar with computers to describe procedural knowladge directly to the knowledge

base.

The simulator knowledge base contains two kinds of information. The first is general information

about molecular genetics (e g.. the concepts of genes, proteins, transcription, etc.), the second is

specific information about the particular biological system under study. in this case Bacteriophage

Lambda.

The general knowledge consists of rules in the Rules Language; it is the program that makes the

simulator run. These rules are used to determine whether genes are being transcribed, whether

proteins are present, etc. Two a:4)W,, of these rules are noteworthy. The first is that they are

completely general to regulatory genetics they are not limited to a simulation of Bactoriouhage

Lambda. It is possible for the simulator to determine the state of any set of genes and proteins that

are oescrited in the system-specific portion of the knowledge base. The second In that the rules are

designed for geneticists, rather than for computer programmers. it is relatively ea:iy for a scientist

familiar with molecular genetics and the general design of the knowledge base to determine what

each statement in the Rules Language accomplishes. The user does mit need to understand any of

the internal details of knowledge representation and manipulation within the Unit System to

"program" using the Rules Language. In additton, the language postpones the determination of

cot/text until the time the rules are actually executed. This means that the user can des:;ribe

procedural information about objects and properties mat do not yet exist; the rule interpreter

heuristically "binds" MI variables to plausible items in the relevant units being cons.dc...red. Users can

freely employ words like "the," -to," etc to make statements more readable.

For example, the rules used to determine the current status of a protein are shown below.

Comments are in italics.

IF BEING-TRANSCRIBEDOGENE IS FALSE THEN SET NEWLIFE TO -1 ELSE SET NEWLIFE TO LIFESPAN
This rai,,,IntermineS ntentaFhe value 10r the Change in rime Oat we protein 01 infereSt
remain aCtiv0 ass stores that value in tie vat,at le caned NE WLiFE 15,3 value is 3nal09nus to
the protein s cnalge on conCentratiOn, to, the annotator equates effective concentration with
a pOsithie remaining time If tic proteins not being produced fil the corresoonemq oene r5 not
Dew,' nanscnoeol. the Protein s remaining tone Iconcentraboni UeCavS by one unit Otherwise,
the protein S remMning bine FS set write marimoin possibie. its liteSpan.
Tne "c, notatoon a provided to allow the user 10 expliCilly SPeCily tie conte,I ol a variable.
in Ihrl: Case BEING -TRANSCRIBED relates to GENES

SET MODULATOR-EFFICIENCY TO 0

FOR EACH ROw IN THE HODULATORS TABLE IF REMAINING-TIMERMODULATING-PROTEIN >. t
THEN 'ET !tODULATOR-EFFICIENCY TO ACTICN-COEFFICIENT OTHERWISE SET MODULATOR-EFFICIENCY TO
ACTIG,-COEFF TIMES RWAINING-TIMCOMODULATING-PROTEIN
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Some o‘ot,ns are elected by Loner grofens TheSe mOdulatmo ',totems are kept in a table for any
protein affected This rule (and the one proa• /chair at the relative strengths and concentrations
of each of toe meaulator; ono use them to actermre an 0,x/a value to, inc ,arrab,e ktODULillOR EFFICIENCY,
8 measure of how the modolohng protems a/ lee t she rematning•tin,e of the protein in question

SET NEWLIFE TO NEWLIFE • MODULATOR-EFFICIENCY

SET REMAINING-TIME TO REMAININ(i-TIME • NEWLIFE
mho two orereding statements cad tne valu.:S ci A.EWLIFE a,d VODULA TOR EFFICTNCY to ciefermme
the amount Of time that the pro/on or question remain active

IF REMAINING-TIME ) LIFESPAN THEN SET REMAINING-TIME TO LIFESPAN
sloreioent e,sures tnat I/O protein ever exceeds is mobinbrn bozsible concontration

IF RE45INI4G-TIME ) 0 THEO SET PRESENT TO TRUE ELSE SET REMAINING-T1ME
TO 0 AHD SET PRESENT TO FALSE
pioteo• is present if Kill WI be active for 50010 tone greater than zero

The inforn)ation in the knowledge base that is specific to the biological system under study is

divided into three classes: genes, proteins, and special DNA control loci (promoters. operators,

terminators, and nut saes). Each of Mese classes is defined as a orotolypiril i,flit within the

knowle2ce base AIM slots to contain the properties used try the simulator. These slots may either be

static facts associated with a particular oblect. e g.,the lifespan (akin to a half life) or binding athnfIv

of a protein or dynamic properties modified during the simulation, such as whether a gene is

currently, tx!ing traHscraded or which, if any, protein is attached to a special DNA locus the process

of describing a genetic system to be simulated consists of creating trie appropr:ate childrer, of these

units and tilling in all of the sIctsforwhichinformationis known.

An example of one of the prototypical units (GENES) is shown below. Each slot Occupica one line

in the hsting. and for each slot, throe pieces of information are given: an name. Is datatyp.!, and as

vahie. Datatpes describe kind ofinformationis stpredin the sled foi example, a Oescription(for

the DESCR slot), a string (forth,: ORGANISM slot), or a list of other unas (for the PRONIC)IFT1S slut)

Fora prototypical unit, slot values may be either an actual instance of the datatype (forth° CREATOR

slot). or 1 restriction on possible vaitres for an instance of the datatype (a choice of "LAMOW" or

"E•CC)LI" for the units C)RGANSM. for example) As :n the priorlisting.commu..:s are Inhcized.

NEMO

DESCR:

D3t3type Value

<Mut> This node is the root of ell genes.

CRFA 10' (CREATO!1> -55f) . METERS'

ice ,,00vo two slots tz,s will d sevoral atnerS not snowni contain 'Oookkeeprog"

an aSSoctatel wan the unit

ORGANISM- <STRING) One of: ["LAMBDA 'E-COLI')

P 'MOIERS: <LIST> • UNITs:
mere nuy Pe several prompters associa.eo with a gene Th■s slot mit trw flied
tor a SteCilic gene wth 0 itO at the names ot one or more Specific promoter untta

INTERVENIIIIG-TEllfIr/ATOR :
OMIT)

if fr P/P IT a lemon-Our lords between act/ties promote, and its C0009 region.

'ne ,ne Of that focus will appear here)
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RUT-SITE: <UNIT>

It a n„t Lrte °cola: ■yrtfl.n tee codfog rca.on of a gene the mime 01 Mat sde

wol De errtereo ',ere

MUTATED: (STRING> One of: ['TRUE" "FALSE')

BEING-TRASSCRIBED!
(STRING) One of. rTRUT' 'FALSE]

Tee abo,e two orooe,tres ate used by foe .:.nle,,y10, ruG cute we current state

of me gene

The overail structure of the knowledge base uscd to simulate Bacteriophage Lambda is show
n in

Figure 1 It is impuitant to note Mai born the rules for the simulator (the "program") and the data

about Lambda (/ e , the genes proteins. and DNA loci) are stored in the same knowledge base. This

type of uniformity io reoreseltatien would be virtuAy impossible if a database were used.

APPLI_CATION TC EACTERICIPHAGE LAMBDA

Eacteimphage Lambda is an attractive genetic system for simulation studies for two reasons. First.

It exhibits a variety of regulatory mechanisms that are believed to be common to all biological

system; Lambda is thus the subbed t of intense interest in the bicloyical community. Second,

Lambda has been studied for over two decades and is now probably better understooa than is an
y

coritoaratla organism. This paper presupposes the reader s familiarity with the basic interactions th
at

take place in the regulatory region of Laincda daring the process that leads to lytas or lysogeny: those

unfartifliar with the system may want to consult (81

The Model of Lambda

Only those genes. proteins. and DNA control loci which affect the decision to go lytic or lysogenic

were included in the model rhis led to Me simplified model of 6 Lambda genes. 7 promoters, 3

operators. 3 terminators, and 2 nut sites shown in Figure 2. In addition, the hll gene of E Coil was

included in the model, for, unlike most E. Coh genes. the interaction of the hi/ gene product with t
he

Lambda proteins is both important and well understood.

Poet 'lode

Proteins DNA Loci Sun Pura

CiperslOn Promoters Not &tam

Figure 1 Structure of the Lambda Knowledge Base

Ter mnalcos
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DL cl

CrC Cii 0

Figure 2: Regulatory Region of Simplified Lambda Genome

Results 

We ran simulations on eight different genetic systems: wild type Lambda: single locus mutants of

Lambda at cr, c//, cto, N, and nut ,, a Lambda double mutant at N and t R 1: and wild-type Lambda in an

hi!' host. All mutations were assumed to be completely deleterious (the affected DNA locus suffered

complete loss of function).

In all but two of these cases. the results of the simulator agreed with what is observed in the

laboratory Those two examples, the N mutant and the nuts mut it, resulted in a prediction that the

system would oscillate between two different genetic states without making a cominittment to either

the lysogenic or the lytic pathway. Within the confines of the model, this is a correct pr'ediction. tor

the current model assumes entirely deterministic behavior. In reality, of course. this is not the case.

In particular, terminator sites do not stop all transcripts that have not been explicitly antiterminated:

they are "leaky," a fact not taeeri into account by our model Adding nondeterministic behavior to the

model would significantly increase its power; we plan to make this enhancement in the future.

The knowledge-based simulator of Lambda also pro, .dee a useful tool for teaching students about

regulatory models. The student can describe his current understanding of Lambda to the simulator,

run the system under various conditions, and see if the results reflect reality Where conflicts occur,

the student can determine exacti. what knowledge was incorrect or incompletely understood, and

modify the knowledge base accordingly.

The use of the simulator for educational purpoees can be extended to encompass serious scientific

study of the model by experts Presumably, if an expert's view of the Lambda system does not reflect

reality when the simulator is run, then the model itself must be improved. As was mentioned earlier in

the :Wide. emulating the human process of scientific model construction testing, and improvement is

a rnalor research goal of the MOLGEN pr(,ect; the knowledge•based simulator will be an important

tool for this research.

Significantly. the Lambda knowledge base (including the simulator rules) took on the order of only

two man•months to build and test. The existence of a sophisticated knowledge representation and

acquisition tool (the Unit S.-e.stem) allowed the construction of a simulator in far less time than would

have been required with conventienal programming techniques.
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AN EX AMPLE
The following example illustrates the type of infornution that the simulator provides to the biologist.

The ability to describe the functional state of each important entity (e g. promoter, protein, etc.) at all

times is one of the maior advantages of the knowledge based approach. The example shows the

results of running the simulator on the N and tin double mutant. Annotations to the transcript are

printed in italics.

ENTER LIST OF MUTATED UNITS:
A t-rl

The user is first aSf.ed to Ofuvide a fist 01 mutations
The mutations are saec,hed Cy ',sting the names of the unftS
in tne AnowleJoe base that reoreseot the DNA loci to oe mutated
Entering the null Sst too entries) results in a Simulation of

wact type Lambda

ENTER NUMBER OF PHAGE TO SIMULATE:

The only other inlofmation specified by the user is the number

of bactericionages to simulate Because the model is deterMouStiC.
au simulations tar any gore," set of mutations war result la idenftCal
tehaoor When nondeierminism is actnea to the model, however. If will

be possible to ctgain a distribution of resultS

• 

STARTING ITERATION NUMBER I 6.

The user is mforrned e‘ery lime the simulator begins a new cycle
A cycle consists of updating tne state ol the system and then coeching for

a COmmotrnerlf to tysis or iysogeny

0. P-E IS INACTIVE
ee P-L IS ACTIVE

• 

P-M IS INACTIVE .•

▪ 

P-R IS ACTIVE

The state of each ol thy p,omote,s iS Dfmfed out Affe, they nave
heen uouatecl No menton fs made of the 000tators. for it a promote,

is not Jct,ve genes uoginatiog at that point cannot be transcribed

• 

CI IS NOT BEING TRANSCRIBED
CII IS CEING TRANSCRIBED

.• CII! IS NOT BEING TRANSCRIBED .°
•• CRO IS STING TANSCRISED oe
.• NFL IS BEING TRANSCRIBED .°

• 

N IS NOT BEING TRANSCRIBED
*. Q IS BEING TRANSCRIBED

Alter roe status of Inc genes is updated. her states are also ormled out

REMAINING TIME OF CI-PROTEIN IS 0 .°
.0 REMAINING TIME OF CII-PROTEIN IS 3.0 6.

REMAINING TIME OF CHI-PROTEIN IS 0
.• REMAINING TIME OF CRO.PROTEIN IS 3.0 ••
•• REMAINING TIME OF HFL-PROTEIN IS 3.0 °.
60 REMAINING TIME OF N-P1OTEIN IS 0 ••
•• REMAINING TIME OF Q-PROTEIN IS 4.0

The final Oiece of mlofmation to/ an Iteration a fne temaining tone of each

Of the proteins The iemarning time repreSeol5 the 'somber of cycles that a pro.einS

Concentration wilt rent v', sufficient for if to evert an fill,, once on the System

the remaolung tunes smarm lor cll. Cm) ItI Sod ()are the sams as their IlleSCIan.

SIIICe ho bore has •jet passed since tom, proouction
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srAnTiv, ITEAATICN NUABER 2 ••
P-E IS 14ACTIVE

L IS INACTIVE ••

P-M IS INACTIVE

P-R IS INACTIVE 9.

C1 IS NOT DEIN.; TRArSCR1BED .°

CI: IS NOT BEINS TRAH'CRIBED 0°

C111 IS NOT BUNS TRANSCRIBE°

CRO IS NMT BEIrG IRATSCR15FO 6°

HIA IS BEING TRANSCRIBED

N IS 1411 BEING TRANSCRIBED ••

0 IS NOT BEING TRANSCRIBED ••

PPIAINING TIK OF CI-PROTEIN IS 0 ••

REOAININS TIME OF CII-PROTEIN IS 1.6

RErAININS TIME OF CIII-PlOTEIN IS 0

RTHAIWING TIME OF CRO-PROfEIN IS 2.0 ••

RUIAINING TIME' OF HFL-PPOTEIN IS 3.0

•• REOAINING TIME OF N-PROTFIR IS 0 ••

REMAINING TIME OF Q-PROTE1N IS 3.0 .°

Note hcw tile remaining bmes have changed Fib being an E Cob

ge,e. is aiwal, tranzeriOnd. an() hie remaining pm* of ifs prose'

is !heroin!. always the same as Is lilefpan The proteins from cha

and ()nave begun to anti Men remaining time has de,reased

by or• Um: unit Over, the course ot the stcand iteration Because

Mt nil cene orcauct at.3:ks the cll protein tne decay rate of the

lavfm f.ene urocruct is la_ter Man normal Its remaining time has

thus or,reased oy I I time MIS in ?he Das( CyCIO

Iteraticn; 3 incl 4 are onurr0d here tor brevity

.• STARTING 'YERATION Nutto:n 6 ••
0* FINIS'10 S.MOLATION NUMBER 1

Having come to the cunCluSion that the chant, being simulated would

growtm the siniula:cr announces Mat if has finished the

Simulation

.6. SIMULATION RESULTS •••

NUm3SR OF LYSOGENIC PHAGE • 0
NJVSER OF LYTIC DIRGE • 1

PFUERTAGE LYSOGZNIC PHAGE • 0.0

PERCENTAGE LYTIC-FHAGE • 100.0

Vifo,,, tit Simulations are coirpieted. the Slrhuldter prtttf; a S‘talrhary of

ieso;f3
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