Sim ulativ e represen tation of biological kno wledge

using ob ject-orien ted database language

Mak oto Hirosaw a

1

Reik o T anak a

2

hirosawa@kazusa.or.jp ma-tanak@icot.or.jp

Hidetoshi T anak a

3

Masa yuki Ak ahoshi

3

Masato Ishik a w a

3

htanaka@icot.or.jp akahoshi@icot.or.jp ishikawa@icot.or.jp

1

Kazusa DNA Researc h Institute

1532-3 Y ana-Uc hino, Kisarazu, Chiba 292 Japan

2

Information and Mathematical Science Lab oratory

, Inc.

2-43-1 Ik ebukuro, T oshima-ku, T oky o 171 JAP AN

3

Institute for New Generation Computer T ec hnology (ICOT)

1-4-28-21F Mita, Minato-ku, T oky o 108 JAP AN

Abstract

Major advanc es in bio-te chnolo gy enable us to describ e various phenomena o c curing

in the b o dy using the language of genes and pr oteins. It is imp ortant to r epr esent these

phenomena in know le dge b ase, and to visualize them pr op erly. The visualization of the

phenomena with r efer enc e to r elate d datab ases facilitates r ese ar ch on genes.

As the �rst step in r e alizing a datab ase like the one state d ab ove, we have studie d the

r epr esentation of biolo gic al know le dge ne e de d to describ e biolo gic al phenomena and have

develop e d a pr ototyp e know le dge b ase. The know le dge b ase is describ e d in micr o-Quixote,

an obje ct-oriente d datab ase language exe cutable on Unix. The know le dge b ase c an c over

the know le dge r elate d to signal tr ansduction within a c el l and that r elate d to tr anscription

of genes.

In our pr ototyp e system, a sort of simulation c an b e done. With the arrival of a

signaling ligand at the surfac e of a c el l, pr oteins along suitable p athways ar e activate d in

our simulate d c el l. As a c onse quenc e of series of activations(a chain of infer enc es), some

biolo gic al r esp onses ar e de duc e d and shown to users.

1 � � � 292 � � 1532-3 2 � 171 � 2-43-1 3 � 108 � 1-4-28-21F

1 In tro duction

Amazing adv ances in bio-technology now allow us to describ e a range of phenomena that o ccurs

in the human b o dy by applying the language of genes or DNA. Genes enco de the proteins that

constitute the b o dy

. Proteins act not only as the building blo cks of the b o dy

, but also serve

to regulate it. These proteins are also co ded in the genes. Consequently

, a knowledge of genes

and proteins is essential to understanding phenomena such as the immune system.

There is now enough information describing biological phenomena so that we can explain

biological phenomena to some extent. T o do this, how ever, we must collect information from

sev eral sources, biological text b o oks [Alb erts 1994], pap ers and databases[Bairo ch 1992]. These

sources di�er in their authors’ interests and in the wa y they abstract information. Recently ,

sev eral researchers [Goto 1993] hav e attempted to integrate biological databases. Their works

are a necessary step tow ard the description of biological phenomena. How ever, all hav e b een

in terested mainly in the integration of data and have paid little attention to the representation

of biological phenomena.

As a result, non-exp erts in biology �nd it di�cult to integrate these information sources to

adequately grasp biological phenomena. Sometimes, even exp erienced biologists fail to get an

in tegrated view of biological phenomena, b ecause many biologists are only able to keep up with

progress in their sp eciality .

It is imp ortant to express, in a knowledge base, the phenomena play ed by genes and proteins

and to visualize these phenomena adequately

. The use of visualization helps students of biology

to understand biological phenomena in the b o dy

. Also, visualizing phenomena by referring to

related databases facilitates research on genes and gives biologists further inspiration for new

researc h.

As a �rst step tow ard a knowledge base like that describ ed ab ov e, we have studied repre-

sen tations of biological knowledge needed to describ e biological phenomena, esp ecially signal

transduction pathw a ys, and hav e develop ed a prototyp e knowledge base and display system.

>F rom our exp erience with ob ject-oriented knowledge bases[Hirosaw a 1993; T anak a 1993], we

though t that an ob ject-oriented knowledge base would b e suitable for describing biological con-

cepts. W e decided to employ micro-Quixote, an ob ject-oriented database language [Y okota et

al. 1993], in this pro ject. W e exp ected, through the use of the ob ject-oriented language, that

concepts such as cell could b e describ ed naturally

. In related research area, [Karp 1994] studied

represen tations of metab olic pathwa ys using Lisp.

In this pap er, we describ e knowldge representation in our prototyp e knowledge base system.

In the next section, we describ e the pro cesses o ccuring in the b o dy

. Both intracellular and

in tercellular pro cesses are explained. Then, our prototyp e knowledge base, which represents

the pro cesses inside as well as outside a cell, is presented. Finally

, an example of showing how

the knowledge base can b e used is presented.

2 What happ ens in the b o dy

Because the b o dy is comp osed of cells, if cells and the interaction b etw een cells can b e describ ed

prop erly

, it should b e p ossible to describ e the biological phenomena in the b o dy

. This section

explains the intracellular and intercellular pro cesses that o ccur in the b o dy .

2.1 In tercellular pro cess

Cells in the b o dy communicate with each other. They secrete hormones such as insulin and

gro wth factors such as EGF. When cells receive some chemical substance, b e it a hormone or

gro wth factor, they may or not exhibit some reaction, dep ending on the typ e of the cells. When

some reaction o ccurs, some intracellular pro cesses take place.

Fig. 1 is a simple example of an intercellular pro cess. The �gure shows the intercellular

pro cess b etw een an insulin secretory cell (C1), such as a b eta cell of the pancreas, and an insulin

target cell (C2), such as a muscle cell.

An insulin secretory cell secretes insulin( Reaction R1) when it receives glucose(Stimulus to

cell S1). An insulin target cell takes in glucose ( Reaction R2) when it receives insulin (Stimulus

named S2). When a hormone such as insulin is secreted, it spreads thoroughout the b o dy

. So,

the insulin secreted by an insulin secretory cell trav els around the b o dy to arrive at an insulin

target cell. Then, the insulin target cell receives insulin to take in the glucose around it. T o

sum up, stimulus (reception of glucose) to an insulin secretory cell (S1) results in some reaction

(in take of glucose) by the insulin target cell (R2).

2.2 In tracellular pro cess

As mentioned in the previous subsection, a cellular pro cess can b e simply describ ed as a

stim ulus-reaction pair (S 1( reception of glucose )� > R1( secretion of insulin ) in C1). How-

ev er, many intracellular pro cesses exist b etween S1 and R1. Biologists often wan t to determine

and understand these intracellular pro cesses.

Fig. 2 is an example of an intracellular pro cess. T o describ e intracellular pro cesses, tw o

kinds of knowledge, transcription knowledge and intracellular pro cess knowledge, are necessary .

W e will explain the signi�cance of these tw o kinds of knowledge later.

In this case, the stimulus to the cell is the reception of EGF. The corresp onding reaction

b y the cell is normal cell growth. EGF(Epidermis Growth F actor) b elongs to the growth factor

family

. When a growth factor is received by some typ es of cell, the cell is duplicated as the

result of intracellular pro cesses. In the case of EGF, the epidermis cell duplicates up on receiving

EGF.

In the �gure, a solid arrow from one entity to another indicates the activ ation of the latter

b y the former. F or example, the reception of EGF activ ates G protein (1), then the activ ation

of G protein activ ates PLC (2). A dashed arrow signi�es the pro cess indicated b eside the arrow.

F or example, the activ ation of SRF enables SRF to bind to SRE(3).

When EGF arrives at the epidermis, after a series of pro cesses, SRF binds to SRE. Then,

the c-fos gene, controlled by SRE, is expressed and c-fos is pro duced. The pro duced c-fos and

c-jun form AP-1 to bind to TRE. Then, the G1 Cyclin gene, controlled by TRE, is expressed

and G1 Cyclin is pro duced (SRE and TRE are referred to as resp onse elements). After a series

of pro cesses, the s-gene is pro duced. After S-p erio d, DNA duplication o ccurs in G2-p erio d.

Finally

, normal cell growth o ccurs after the M-p erio d.

The knowledge necessary to describ e an intracellular pro cess like the ab ov e can b e classi-

�ed into tw o classes. One class relates to which resp onse element controls which gene (SRE

con trols c-fos, TRE controls G1 Cyclin, and RE(s-gene) controls s-gene). W e refer to such

kno wledge as \transcription knowledge". The other class, named \intracellular pro cess knowl-

edge", is knowledge other than transcription knowledge. F or example, knowledge (1) (reception

of EGF activ ates G protein), knowledge(2) and knowledge(3) are examples of intracellular pro-

cess knowledge.

3 Protot yp e kno wledge base

In this section, we explain the prototyp e knowledge base. An ov erview of the system is shown

in Fig.3. It is supp orted by any Unix machine.

The system is divided into tw o mo dules, the knowledge base mo dule and the display mo dule.

The result of inference p erformed by the knowledge base mo dule is transferred to the display

mo dule and the result, like that shown in Fig.2, will b e display ed using the GUI. The display

mo dule is co ded in C, is executable on X11R5, and is programmed based on Motif.

The knowledge base mo dule is written in the ob ject oriented database language, micro-

Quixote [Y ok ota et al. 1993] executable on UNIX. It is comp osed of an inference mo dule and

�v e knowledge bases, namely the intracellular pro cess knowledge base, transcription knowledge

base, cellular pro cess knowledge base, intercellular pro cess knowledge base and cell inheritance

kno wledge base. The inference mo dule utilizes the deductive feature of micro-Quixote.

These knowledge bases are explained b elow.

In tracellular Pro cess Knowledge Base

The following is a p ortion of the intracellular pro cess knowledge base. Pro cesses within a cell

can b e describ ed using knowledge in the intracellular pro cess knowledge base and transcription

kno wledge base. Each entry in the intracellular knowledge base represents individual pro cesses

inside a cell. F or the sake of simplicity

, only simple knowledge is shown.

receive[name="EGF"]/[result=increase[name="DG"]];; (1)

increase[name="DG"]/[result=active[name="PKC"]];; (2)

active[name="PKC"]/[result=active[name="SRF"]];; (3)

"EGF", "DG", "PKC" and "SRF" are proteins or a sort of protein. The knowledge can

b e read as follows. If "EGF" is received, "DG" is increased (1). If "DG" is increased, "PKC"

b ecomes active (2). If "PKC" is active, "SRF" b ecomes active (3). The description is done in

the form \A/[result = B];;". It signi�es that if A is satis�ed, then B b ecomes true. In this wa y ,

individual pro cesses within a cell can b e describ ed.

In the thr e e know le dges (1),(2) and (3), ’r e c eive’, ’incr e ase’ and ’active’ ar e obje cts in

micr o-Quixote. However, we c ould cho ose "EGF","DG","PKC" and "SRF", which c orr esp ond

to entities in the entity-r elationship mo del. Datab ase r ese ar chers might r e gar d the latter as

b eing a mor e suitable choic e. However, when we describ e intr ac el lular pr o c esses, it is essential

that we describ e p ossible events. We sele cte d ’r e c eive’, ’incr e ase’ and ’active’ as obje cts b e c ause

p ossible events c an b e describ e d using these wor ds.

T o understand the collective result of each pro cess, let us assert knowledge

\receiv e[name="EGF"]" to the knowledge base. If we ask whether \active[name="SRF"]" is

true, the knowledge base answers \yes". T o prov e \active[name="SRF"]" the ab ov e three

kno wledges are used. An imp ortant p oint that must b e noted here is that only individual

pro cesses are describ ed in the knowledge base and that the pro of of \active[name="SRF"]" is

the result of a series of inferences. Here, the deductive feature of micro-Quixote is used.

T ranscription Knowledge Base

The entries in the transcription knowledge base describ e which resp onse element controls what

gene. Two examples are shown b elow. The knowledge can b e read as follows. SRE controls

c-fos (4) and TRE controls G1 Cyclin (5).

gene[name="SRE",coded="c-fos"];; (4)

gene[name="TRE",coded="G1cyclin"];; (5)

Cellular Pro cess Kno wledge Base

Pro cesses within a cell can b e describ ed using knowledge in the intracellular pro cess knowledge

base and transcription knowledge base. The reaction of a cell to a sp eci�ed stimulus can b e

describ ed theoretically using the tw o knowledge bases. How ev er, it is often the case that some

in tracellular pro cesses, necessary to deduce some reaction to a sp eci�ed stimulus, hav e not yet

b een discov ered. In such cases, knowledge that directly relates stimulus to reaction is neccesary .

The cellular pro cess knowledge base describ es the stimulus-reaction relationship.

Two examples are shown b elow. Knowledge can b e read as follows. When IL-4 and IL-5

arriv e at a B cell, the B cell receives IL-4 and IL-5 (6). When a B cell receives IL-4 and IL-5,

it secretes IgE (7). If it did not have know le dge (6), a B c el l would not b e able to se cr ete IgE,

even when IL-4 and IL-5 arrive at the B c el l.

arrive[name1="IL4",name2="IL5",cell="B cell"]/

[ result= receive[name1="IL4",name2="IL5",cell="B cell"]];; (6)

receive[name1="IL4",name2="IL5",cell="B cell"]

/[result=secrete[name="IgE",cell="B cell"] ];; (7)

In tercellular Pro cess Knowledge Base

The intercellular pro cess knowledge base describ es the interaction b etw een cells. There are

man y typ es of interaction. Howev er, the prototyp e knowldege base has only one entry for the

in tercellular pro cess knowledge base. The knowledge (8) shown b elow is very imp ortant and it can b e applied to a large p ortion of intercellular pro cesses. This means that chemical substance

P , secreted by some cell named C1, can arrive at any cell named C2.

secrete[name=P, cell=C1]/

[ result= arrive[name=P,cell=C2]];; (8)

Cell Inheritance Knowledge Base

The cell inheritance knowledge base describ es the hierarchical relationship b etw een classes of

cells. By means of the knowledge base, the intracellular pro cess knowledge and/or intercellular

pro cess knowledge describ ed in some class of cell is inherited by its lower class. In micro-

Quixote, inheritance of knowledge b etw een classes can b e neatly realized by the use of the

mo dule concept.

Two examples are shown in Fig.4. Knowledge (9) means that liver, muscle and fat cells are

sub classes of the insulin target cell. Muscle has muscle1, 2 and 3 as its sub classes (knowledge

(10)). In the language of micro-Quixote, liver, muscle and fat cells are sub-mo dules of the

insulin target cell. In this case, class and mo dule hav e almost the same implication.

In this case, if intracellular/in tercellular pro cess knowledge represented as S 2 => R2 in

Fig.4, is assigned as information in the insulin target cell using the mo dule concept, the infor-

mation is inherited by its three sub classes. As a result we don’t hav e to describ e the relationships

in the three sub classes thanks to the inheritance of the ob ject-oriented database language.

insulin_target_cell >- {liver,muscle,fat_cell};; (9)

muscle >- {muscle1,muscle2,muscle3};; (10)

In micr o-Quixote, for example know ldge(a) ..... know le dge(n) ar e assigne d as know le dge b elonging

to the mo dule name d liver, if we use the fol lowing notation:

liver::f know le dge(a) ...... know le dge(n) g

4 Example of execution

In this section, we give an example of execution of our knowledge base. In this case, \what

happ ens if EGF arrives at an epidermis cell" is asked (a0). The knowledge base answers that

normal cell growth o ccurs (a1). The knowledge base also indicates which intracellular pro cesses

o ccur b etween the reception of EGF (a2), and normal cell growth (a28). The intracellular

pro cesses shown here are a little more detail than those in Fig.2.

Among a series of pro cesses(a2 � a28), there are three pro cesses corresp onding to the gene

expression for pro ducing protein(a11,a15,a19). The three pro cesses are expression of c-fos, G1

cyclin and s-gene. The three pro cesses are derived from the transcription knowledge base.

Other pro cesses are derived from the intracellular pro cess.

After three gene expressions, the cell enters the s-p erio d (a20) then the G2-p erio d (a23).

After cell duplication (a24), the cell enters the G2-p erio d (a27) to complete normal cell growth

(a28).

?- arrive[name="EGF",cell=epidermis]/[result=Result,path=Path]. (a0)

?- yes.

Result = normal_cell_growth, (a1)

Path = state[now= receive[name="EGF",cell=epidermis], (a2)

next=state[now= active[name="G protein",cell=epidermis], (a3)

next=state[now= active[name="PLC",cell=epidermis], (a4)

next=state[now= hydrolysis[name="PIP2",cell=epidermis], (a5)

next=state[now= produce[name=list[element1="DAG",element2="IP3"],

cell=epidermis],(a6)

next=state[now= increase[name="DAG",cell=epidermis], (a7)

next=state[now= active[name="PKC",cell=epidermis], (a8)

next=state[now= active[name="SRF",cell=epidermis], (a9)

next=state[now= bind_element[name="SRE",cell=epidermis], (a10)

next=state[now= express[name="c-fos",cell=epidermis], (a11)

next=state[now= form[name="c-jun",with="c-fos",cell=epidermis], (a12)

next=state[now= produce[name="AP-1",cell=epidermis], (a13)

next=state[now= bind_element[name="TRE",cell=epidermis], (a14)

next=state[now= express[name="G1cyclin",cell=epidermis], (a15)

next=state[now= active[name=cdk,with="G1cyclin",cell=epidermis], (a16)

next=state[now= phosphorize[name="Rb",cell=epidermis], (a17)

next=state[now= active[name="E2F",cell=epidermis], (a18)

next=state[now= expresse[name="s-gene",cell=epidermis], (a19)

next=state[now= begin[name="s-period",cell=epidermis], (a20)

next=state[now= phosphorize[name="Cdc2 kinase",cell=epidermis], (a21)

next=state[now= bind[name="Cdc2 kinase",to=cyclinB,cell=epidermis], (a22) next=state[now= begin[name="G2-period",cell=epidermis], (a23)

next=state[now= duplicate[cell=epidermis,object="DNA"],, (a24)

next=state[now= active[name="Cdc25 phosphatase",cell=epidermis],, (a25)

next=state[now= active[name="Cdc2 kinase",cell=epidermis],, (a26)

next=state[now= begin[name="M-period",cell=epidermis],, (a27)

next=normal_cell_growth]]]]]]]]]]]]]]]]]]]]]]]]]] (a28)

5 Discussion

1. So far, little attention has b een paid to the representation and visualization of biological

phenomena. In our system, p ossible even ts within a cell( e.g. If "EGF" is received,

"DG" is increased ) are stored in the knowledge base. When we want to know the even ts

that o ccur if some stimulus comes from outside the cell, and when we ask so, inducable

even ts are successively calculated in the system. The series of even ts that o ccurs after

the stimulus is then shown to the user. This can b e regarded as b eing a simulation of

the phenomena that o ccur in the b o dy

. Through the simulation, users can exp erience the

biological pro cesses happ ening in the b o dy

. Also, they can understand which proteins

play a role in the phenomena.

An imp ortant p oint that must b e noted is that only individual pro cesses are describ ed in

the knowledge base and that the result of normal cell growth is derived as a result of a

series of inferences. Here, the deductive feature of micro-Quixote is used.

2. In this knowledge base, we utilize inheritance of the ob ject-oriented database language to

e�ectively describ e the reaction of a cell to a stimulus received from outside. Sp eci�cally ,

the mo dule concept of micro-Quixote is used. Because information on the pro cesses that

o ccurred b etw een the stimulus and the reaction to the stimulus describ ed for any class

of cell is automatically inherited by its low er classes, there is no need to describ e the

information in those low er classes. This reduces the amount of knowledge necessary to

describ e biological phenomena.

3. W e can describ e the reaction of a cell to a stimulus from outside in tw o wa ys. In one

wa y , we can describ e it by describing every intracellular pro cess inv olv ed in pro ducing

the reaction to the stimulus. Alternatively

, we can describ e it by describing only the

stimulus-reaction relationship. W e can therefore see biological phenomena in di�erent

levels of abstraction.

Often, biologists wan t to understand biological phenomena in greater detail. This, for

example, happ ens when they are interested in intracellular pro cesses. It also happ ens

when they wan t to compare tw o biological pro cesses and try to gain information through

analogy

. In this case, the former wa y of description is preferable.

How ev er, it happ ens that not every intracellular pro cess necessary to describ e the reaction

to a stimulus hasn’t identi�ed. In this case, biological phenomena can b e describ ed only

in the latter wa y . And this typ e of description is also useful when users are interested in

intercellular interactions

4. T o make the system more p ow erful, we b elieve that knowledge to explain protein, e.g.

EGF, is neccessay . W e are now inv estigating how to construct such a knowledge base and

how to connect our system to existing databases.

5. In this pap er, the example of simulation result is output as language b ecause we fo cused on

representation of biological knowledge with an ob ject-oriented database language. With

the display mo dule in Fig.3 [Hirosaw a et.al forthc oming ] the system can visualize the

simulation result. With the graphic interface, users can view simulation results in a few

levels of abstraction.

Visualizing the simulation result will enhance our understanding of biological phenomena

in the b o dy

, with the comparison of similar pro cesses giving biologists a deep er insight

into biologial phenomena. W e b elieve that our system will contribute to the progress of

biology and medicine.

Ac kno wledgemen t

This research was carried out using the facilities of ICOT when M.Hirosaw a stay ed there. W e

thank Dr. S.Uchida of ICOT and Dr. T ak anami of the Kazusa DNA Research Institute for

establishing the research collab oration b etween ICOT and the Kazusa DNA Research Institute.

Reference

[Alb erts 1994] Alb ert, B. et al. Molecular biology of the cell. Garland Publishing, INC.

[Bairo ch 1991] Bairo ch, A. Prosite : A dictionary of Protein site and pattern : User manual Release

7.00, May 1991.

[Goto et al. 1993 ] Goto, S. et al. A deductive language in ob ject-oriented database for genome

analysis. Pr o c e e dings of International Symp osium on Next Genar ation Datab ase Systems and Their

Applic ation , pp123-129.

[Hirosa w a et al. 1993] Hirosaw a, M. et al. Application of deductive ob ject-oriented knowledge

base to genetic information pro cessing. Pr o c e e dings of International Symp osium on Next Gener ation

Datab ase Systems and Their Applic ation, pp116-122.

[Hirosa w a et al. forthc oming] Hirosawa, M. et al. T o w ard Simulation-lik e Representation of the Cell.

Pr o c e e dings of the 1995 Western Multic onfer enc e.

[HT anak a 1993] T anak a, H. A Priv ate Knowledge Base for Molecular Biological Research. Pr o c e e d-

ings of the Twenty-Sixth Annual Hawaii International Confer enc e on System Scienc es,V ol.1 pp803-

812,1993.

[Karp 1994] Representations of Metab olic Knowledge : Path wa y . Pr o c e e dings of the Se c ond Inter-

national Confer enc e on Intel ligent System for Mole cular Biolo gy pp203-211,1994.

[Y okota et al. 1993] Y okota, K et al. Sp eci�c F eatures of a Deductive Ob ject-Oriented Database

Language Quixote Pr o c. ACM SIGMOD Workshop on Combining De clar ative and Obje ct-Oriente d

Datab ases, Washington DC, USA, May 29, 1993.