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BSTRACT

We have develop2d a general purpose-computer program for the functional simulaton of
requlatory genetics. This simulator 1s knowledq=2-besed and was developed using the Unit Systein. a
colizare tool for the acquisition, repiesentation. and mampulation of herarchically organized
hnewledge. The acvantages of a knowledage-based design are presented, and -the sunulaior's
archiecture 1s described. Its performance on the decision b2hween lytic and lyscyenic grov:th in
Hactenoniraye Lambda is reported.

INTRODUCTIONM

The develupment of flexible. easy-to-use simulation programs can provide the axperimental

biolcgist with powerlul tools for the elucidation of the functioning of comglex natural sysicins
Simulators serve tv:o major purposes: the first is the verification of scientific th2aries the second is
<xpenmental result pradiction. Tha verification funclion is culled upor when existing theori2s are
bng cxlended or new theories are being ¢ :nerated to explain experimental data; the predictive
capabilities are used te predict laboratory results in order to eliminate & great deul of experinantal
effort.

An especially important role for a simulation proarare w.ould be as pari ¢f & iarqer systom ©1nNpioying
arthcial inneligence techaiques to develop mecels of a biclogica! system bazed on expernmental

olservatior:s. Such a program wnuld accept as input ooservations of a s, stem and wouid procduce as

a program would be a crucial tocl tor encuring that oniy theones inat were conzistert with the data
were developed. Itis a major research qoal cf the MOLGEN pigcject to explore methnds for bullding a

system o pertorn: this kind of automatic thoory fermaton.

Traditicnal Approaches i

The mest widespread approach to genetic simulation is based on developing large systems of
differentai equations that predict proter: and nucleic acid levels as a function of tim2. An example of
this approach applied to Bactcriophane Lamuda can be found in [1]. This methodolooy results in

quantitative predictions, but suffcrs from th2 arawback that no functional information is provided. It is
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also restricted to systems where 2 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
lcaic equations and predicting sequences of genetic events by searching for stable states in a matrix
derived from the equations [2] ‘While 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 zystem behaves in a certan way without

describing how the logic equations were constructed.

Knowledge-Based Approach
Our work has appiied a (rowledye-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 fuzzy, bul the folloviry lict shouid serve to point out some of the basic differences.

2 Content: knowledge bases contain both factual and procedural information, while
databases tend to cuntain only factual information. Futhermore, the factual information
in knowledge bases varies from simple symbols (numbers, strings, and the like) to much
more comgiicated forms (DNA restricion maps. electron density maps, etc.). An
important iype of information that is common in knowledge bases but rare in databases is
meta-krowledge: know'edge about how to use other knowledge. An example of such
meta-knovledge is heuristics fer determining how relevant and trustworthy other
knawledge is under a vanety of circuristances.

e Structure: databaces most oiten have a rigid, well-defined format that can be expanded
or compressed, but cannct fundamentally be changed. Most references in datatases are
explicit. Knowledge bases, in contrast, have a very fluid, dynamic structure, and many
references are contained imphcitly.

e Complexity: the iniforination in detabases often lends itself to rather straightfcrward
analysis, while the information in knowl2dge bases can be used as a basis for
“reasoning” about poorly defined prohlems. For example, databases have been used to
find statistical correiutions between symzatems and diseases [3], while knowiedge bases
have been used in the development of programs to perferm auvtomatic diagnosts of
human ilinesses (4, 5].

Our work has shown that a knowledg: besed approach can have significant advantanes over the
alternative methodologies mentioned above. Unlike a simulaior based on differential equations, our

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

our simulator retains all information inherent in tihc system. A knowledge-based system can take

advantage of a/l data about a system. both declara. \~ 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 SIMULATOR

The simulator was developed using the Unit System[6,7]. 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 interface 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 procedurai knowl2dge directly to the knowledge
base.

The simulator knowledge base contains two kinds of information. The first is gencral information
about molecular genetics (e.g., the concepts of genes, proteins, transcription, etc.), the second is
spacific informatinn about the particular biolngical system under study, in this case Bactericphage
Lambda.

The general knowledge consiste 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 aspects of these rules are noteworthy. The first is that they are
completely general to regulatcry genetics - they are not limited to a simulation of Bacteriophage
Lambda. It is possible for the simulator to determine the state of any set of genes and proteins that
are descrited in the system-specific portion of the knowledge base. The second is that the rules are
designed for geneticists, rather than for computer programmers: it is relatively easy for a scientist
familiar with molecular genetics and the general design of the knowledqge base to determine what
each statement in the Rules Language accomplishes. The user does not need to understand any of
the internal details of knowledge representation 2nd manipulation within the Unit System to
"program” using the Rules Language. In addition, the language postpones the determination of
context until the time the rules are actually executed. This means that the user can describe
procedural information about objects and properties that do not yet exist; the rule interpreter
heunistically "binds™ all variables to plausible items in the relevant units being censidered. 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.

Comiments are in italics.

IF BETING-TRANSCRIBEODQGENE IS FALSE THEN SET NEWLIFE TO -1 ELSE SET MEWLIFE TO LIFESPAN
This rulo determines a tenta'ive value for the change in time that the protein ol interest will

remain active ang stores that value in the vanatle called NEWLIFE. This value is analogous to

the protein’s change i concentration, for the sunulator equates ellective concentration with

a positive remaunng-time. Il the protein is not bemy produced (if the corresponcing gene is not

being transcrived). the protein s remaining-time (concentration) yecays by one unit. Otherwise,

the protein s remaining-time 1s set to the maximum possible, its litespan.

The “@ " notation 1s pruvided to allow the user to explicitly specily the context of a variable;

n this case BEING-TRANSCRIBED relates to GENEs.

SET MODULATOR-EFFICIENCY TO 0
FOR EACH ROW IN THE MODULATORS TABLE IF REMAINING-TIME@MOOULATING-PROTEIN > 1

THEN SET MODULATOR-EFFICIEMCY TO ACTICN-COEFFICIENT OTHESWISE SET MODULATOR-EFFICIENCY TO
ACTION-COEFF TIMES REMAINING-TIMC6MODULATING-PROTEIN
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Some protwins are allected by cther nroteins. These modulating proteins are kept in a table for any

proten attected This rule (and the ore prio® io it) lvok at the relative strengths and concentrations

of cach of the moaulators and use therm 1o gctermir e an ovorall value for (ne varable MODULAY OR EFFICIENCY,
a measure ol how the modulating proteins allect the remaining-time of the proten in question

SET NEWLIFE TO NEWLIFE + MODULATOR-EFFICIENCY

SET REMAINING-TIME TO REMAINING-TIME + NEWLIFE

The two vreceding statements use tre valucs ol NEWLIFE and MODULATOR-EFFICIENCY to determine

th2 amount of me that the protein in question will remain active

IF REMAINING-TIME > LIFESPAN THCN SET REMAINING-TIME TO LIFESPAN
Ttus statement ensures that no protemn ever exceeds its maxunum possible concantration

IF REMAINING-TIME > O THEN SET PRESENT TO TRUE ELSE SET REMAINING-TIME

TO 0 AND SET PRESENT TO FALSE
A proter is present if it will still be active 1or some time greater than zero.

The information in the knowledge base that is specific to the biological system under study is
dwided into three classes: genes, prcteins, and special DNA corntrol loci (promoters. operators,
terminators, and nut sites). Each of these classes is defined as a prototypical rnnit within the
knowledge base with slots to contain the properties used by the simulator. These slots may either be
static facts associated with a particular object, e.g., the lifespan (akin to a half-life) or binding affinity
of a protein, or dynamic properties modified during the simulation, such as whether 2 gene is
currently baing transcribed or which, if any, protein is attached to a special DNA locus. 1he process
of cescribing a genetic system to be sunulated consists of creating tne appropriate childrern of these
units and filling in all of the slots for which information is known.

An example of one of the prototypical units (GENES) is shown below. Each slot occupies one hine
in the listing, and for each slot. thrce pieces of information are given: its name. its datatypa, and its
value. Datatypes describe what kind of information is stored in the sict. for example, a dezcription (for
the DESCR slot). a string (for the ORGANISM slot), or a list of other unils (for the PRCMOTERS slot)
For a prototypical unit, slot values may oe either an actual instance of the datatype (for the CREATOR
slot). or 2 restriction on possible vaiues for an instance of the datatype (a choice of "LAMBDA" or

"E-COLI" for the unit's ORGANISM. far example). As in the prior listing, comme..:5 are italicized.

Nemo Datatype Value
DESCR: <DESCR> This node 1s the root of all genes.
CRFATO" CCREATOR>  "C5D.MEYERS®

The aoove two siots (as wall as sevoral others not shown) contain “bookkeeping ”
infcrmalion asscciated witn the unit.

ORGANISM: {STRING> Ono of: ["LAMBDA" “E-COLI"]
P OMOTERS: CLIST> © UNITs:
There may te several promoters associaied with a gene. This slot will be filled
for a scecilic gene with a hist ol tne names of one or more specilic promoter units.
INTERVENING-TERMINATOR:

<UNIT>
It there is a terrnator locus between a oene’s promoter and its coding region,
the naine of that lucus will uppear here.
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KUT-SITE: CUNITY
If a nut site occurs within the coding region ol a gene. the name ol that site
will be entetea here.

MUTATED: <STRING> One of: ["TRUE"™ "FALSE"]

BEING-TRANSCRIBED:

(STRING> One of: ["TRUZ™ "FALSE"]
The above two propertics are used by the simuialor to ind:cate the current state
of the gene

The overall structure of the knuwledge base uscd to simulate Bacteriophage Lambda is shown in
Figure 1. It is important to note ihai both the rules for the simulator (the “program”) and the data
anout Lambda (i.e , the genes. proteins, and DNA loci) are stored in the same knnwledge base. This

type of uniformity in representation would be virtually impossible if a database were used.

APPLICATIONTC BACTERICPHAGE LAMEDA

Bacteriophage Lambda i1s an attractive genetic system for simutation studies for two reasons. First,

it exhibits a variety of regulatory mechanisms that are believed to be commacn {o ail biological
systems. Lambela is thus the subject of intense interest in the biclogical community. Second,
Lambda has been studied for over two decades and is now probably better understood than is any
comoarable organism. This paper presupposes the reader's familiarity with the basic interactions that
take glace in the regulatory regicon of Laincda during the process that leads to lysis or lysogeny; those
unfar&har with the system may want to consult (8].
The Model of Lambda

Only those genes, proteins, and DMA control loci which affect the decision to go lytic cr lysogenic
were included in the model. This led to the simplified model of 6 Lambda genes, 7 promoters, 3
operators, 3 terminators, and 2 nut sites shown in Figure 2. In addition, the hfl gene of £. Coli was
included in the model. for, unlike most E. Coli genes, the interaction of the hfl gene product with the
Lambda proteins is both important and well understood.

Roact Node
\
L | # |
Genes Proteins DNA Loct Sim-Rules
[ | ]
Operators Promoters Nut-Sites Terminators

Figure 1: Structure of the Lambda Knowledge Base
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Figure 2: Regulatory Region of Simplified Lambda Genome

Results

We ran simulations on eight different genetic systems: wild-type Lambda; single-!ocus mutants of
Lambda at ¢/, cll, cro, N, and nut,; a Lambda double rutant at N and t5,+ and wild-type Lambda in an
hfl" host. All mutations were assumed to be completely deleterious (the affected DMNA locus suffered
complete loss of function).

In all but two of these cases. the results of the simulator agreed with what is ébserved in the
laboratory. Those two examples, the N mutant and the nut, mutant, resulted in a prediction that the
system would oscillate between two different genetic states without making a committment to either
the lysogenic or the lytic pathway. Within the confines of the model, this is a correct prediction, for
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 taken into account by our model. Adding nondeterministic behavior to the
model would significantly increase its power; we nlan to make this enhancement in the future.

The knowledge-based simulator of Lambda aiso pro: ‘des 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 exact! ' what knowledge was incorrect or incompletely understood, and
modify the knowledge base accordingly. :

The use of the simulator for educational purposes 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 itselt must be improved. As was mentioned earlier in
the article, emulating the hunian process of scientific model construction, testing, and improvement is
a major research goal of the MOLGEN prcject; the knowledge-based simulator will te 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 System) allowed the construction of a simulator in far less ime than would

have been required with conventicnal programming techniques.
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ANEXAMPLE

The following example illustrates the type of information 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 major advantages of the knowledge-based approach. The example shows the
results of running the simulator on the N and tp, double mutant. Annotations to the transcript are

printed in italics.

ENTER LIST OF MUTATED UNITS:
nt-rl

The user is lirst asked to provide a list of mutations.

The mutations are specilied ty histing the names of the units

in the knowleJge base that represent the DNA loci to be mutated.
Entering the null st (no entries) results in a simulation of
wild-type Lambda. .

ENTER NUMBER OF PHAGE TO SIMULATE:
1

The only other information specified by the user is the number

of bacteriophages to cimulate. Because the model is deterministic,

all simulations for any given set of mutations will result i identical
behavior. When nondeterminism is adaed to the model, however, it will
be possible to cbian a distribution of results.

*® STARTING ITERATION NUMBER 1 °*°*

The user is informed every ime the simulator beqins a new cycle.
A cycle consists of updating the state ol the system and then checking for
a commitment to lysis or lysogeny.

*® P-E IS INACTIVE °**
** P-L IS ACTIVE °*°*
** P=M IS INACTIVE °*¢
** P-R IS ACTIVE ¢°*

The state of each of the promoters is printed out alter they have
been upvated. No mention is made of the operators, for if a promoter
IS not active. genes originating at that point cannot be transcribed.

®® CI IS NOT BEING TRANSCRIBED **
** CII IS BEING TRANSCRIBED **

®* CIII IS NOT BLING TRANSCRIBED **
** CRO IS BFING TRANSCRIBED °*°*

** HFL IS BEING TRANSCRIBED °*°*

®® N IS NOT BEING TRANSCRIBED °*

®® Q IS BEING TRANSCRIBED °**

Alter the status of the genes is updated, their states are also printed oul.

REMAINING TIME OF CI-PROTEIN IS 0 °*°¢

** REMAINING TIME OF CII-PROTEIM IS 3.0 **
** REMAINING TIME OF CIII-PROTEIN IS 0 °**
** REMAINING TIMC OF CRO<PROTEIN IS 3.0 °*°
®® REMAINING TIME OF HFL-PROTEIN IS 3.0 °*°
** REMAIKING TIME OF W-PROTEIN IS 0 °*°

** REMAINING TIME OF Q-PROTEIN IS 4.0 °*°

The linal piece of information lor an iteration is tne remaining time ol each

of tre proteins. The remaining ime represents the number of cycles that a pro‘en’s
concentration wil remam sulhicient 1or it to exert an intluence on the system

1he remaming imes snown lor cll. cro. n'l. anc () are the sama os their hlespan.
simice no hime has yet passed since tneir proouction
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STARTIKG ITERATICN NUMBER 2 °*°*

*s P-g IS IMACTIVL **

ee poL IS INACTIVE °*

®e p=M IS INACTIVE °**

** pP-R 1S INACTIVE °*

CI (S NOT DEING TRANSCRIBED °**

ee CIT IS NOT BEING TRAWSCRIBED **

es CIII IS NOT BEING TRANSCRIBED °**

=s CRO IS KOT BEING TRAJASCRIBED **

es KFL IS BEING TRANSCRIBED °**

®e N IS N0V BEING TRANSCRIBED *°

*e () 1S NOT BEING TRANSCRIBED **

REMAINING TIME OF CI-PROTEIN IS 0 °*
REMATNING TIME OF CII-PROTEIN IS 1.6 °¢
ee REVAIMING TIME OF CIII-PROTEIM IS 0 *°
®s REMAIWING TIME CF CRO-PROVEIN IS 2.0 °°
REMATHING TIME OF HFL-PROTEIN IS 3.0 °*°
REMAIKING TIME OF N-PROTEIN IS 0 °*¢
REMAINING TIME OF Q-PROTEIN IS 3.0 *°

Note how the remaining times have changed. HIl. being an E. Coli

gere, is alway- transcribed, and the remaining time ol its protein
mmw%wmwnmummuumumnTmmmwnwmuo

and Q have bequn to decay ana their remairning time has decreased

by ore tims unit over the course of the sccond iteration Because

the hil cene preduct at.acks the cll protein. the decay rate of the S
latrar gene procuct is lauter than nurmal. Its remaining ime has

thus aecreased by 1.4 ime umits in the past cycle.

®* STARTING TTERATION NUMBIR § °*°¢
®* FILISHED S.MULATION NUMBER 1 °*°

Having come to the cunclusion thal the phaqe being simuiated would

pursus lytic growth, the simulatcr announces that it has tinished the
simulation.

sse SIMULATION RESULTS *°*

NUM3ZR OF LYSOGENIC PHAGE = 0
MUMBER OF LYTIC PHAGE = 1
PEFCENTAGE LYSOGINIC PHAGE = 0.0
PERCENTAGE LYTIC-FHAGE = 100.0

when ail simulations are completed, the simulator prints a summary of
the results.
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