The Virtual Biology Lab oratories:

A New Approach of Computational Biology

Hiroaki Kitano Shugo Hamahashi Jun Kitazaw a

Sony Computer Science Lab oratory Dept. of Electrical Engineering School of Media and Governance

3-14-13 Higashi-Gotanda, Shinagaw a Keio University Keio Universit y

T oky o 141, Japan Y ok ohama 223, Japan F ujisawa 252, Japan

kitano@csl.sony.co.jp shugo@mt.cs.keio.ac.jp kitazawa@mag.keio.ac.jp

Ko ji T ak ao Shin-ichirou Imai

Scho ol of Medicine School of Medicine

Keio Universit y Keio Universit y

35 Shinanomachi, Shinjuku 35 Shinanomachi, Shinjuku

T okyo 160, Japan T okyo 160, Japan

cozy@sun.microb.med.keio.ac.jp imai@sun.microb.med.keio.ac.jp

Abstract

The Virtual Biology Lab oratories is an attempt

to create detailed biological mo dels which can b e

used for research in molecular biology

, develop-

mental biology

, and neuro-science. The goal is

to create detailed mo dels of sp eci�c mo del an-

imals, so that v arious virtual biological exp eri-

ments (such as gene kno ck out, microscopic ma-

nipulations, site direct mutagenesis) can b e p er-

formed, and the results compared with actual bi-

ological exp eriments. Currently

, we are working

on three sp eci�c pro jects | Perfect C. elegans

Pro ject, Virtual Drosophila Pro ject, and Virtual

Cell Lab oratory Pro ject. These pro jects aim at

detailed mo deling of C. ele gans, Dr osophila, and

the aging mechanism of human �broblast, and

Y east sac char omyc es c er evisiae. This pap er de-

scrib es the basic approach and some early results

of the pro ject.

1 Intro duction

Mo dern biology as represented by molecular biology

started when W atson and Click discov ered DNA struc-

ture in 1953

[

W atson and Click, 53

]

. Coincidently

, the

mo dern form of the computer, a stored program com-

puter or the von Neumann architecture, was inv ented

only a few years prior to the discov ery of DNA. Perhaps,

these are tw o most signi�cant scienti�c breakthroughs in

the mid-20th century

. Computational biology

, or com-

puter aided biology

, is where these two areas merge. Al-

though there are substantial e�orts to use computer sys-

tems in the area of genome data-base, motif extraction,

and structure prediction, no systematic e�ort has b een

made to create a comprehensive mo del of an entire living

system. W e b elieve that it is a time to start an initiative to create complete detailed mo dels of biologically signi�-

cant mo del animals on computer. The goal of this pap er

is to provide a p ersp ective on how computers can b e used

more actively in biology and in the wa y they will change

how biology is p erformed. This pap er describ es what is

envisioned, and discusses new wa ys in which biology is

carried out.

1.1 F r om R e ductionist to Inte gr ationist

The fundermental scienti�c approach of the 20th century

can b e characterized as reductionist. Particle physics is

a typical example. It made an ultimate challenge to sub-

divide this universe into subatomic particles as small as

quark; and the space-time continuum and matter were

reduced to sup er-strings. In spirit, the approach was ap-

plied to biology

, which lead to the discovery of DNA as a

basic information carrying comp onent in the living sys-

tem. Although there is no doubt that science clearly ad-

v anced by seeking fundamental comp onents, it do es not

necessary enhance our understanding of this universe at

a more macroscopic level. Identi�cation of DNA do es not

mean that we understand the dynamics which give rise

to the v arious phenomena inherent in life. Understand-

ing of phenomena, which consists of many interacting

comp onents, is a imp ortant task. While most phenom-

ena involv e p opulation dynamics and non-linear inter-

actions, these phenomena often exhibit counter-intuitiv e

b ehaviors. Even if the b ehavior of the system is not

counter-in tuitiv e, tracking the b ehavior of comp onents

in the system and emerged b ehavior of an entire system

is almost imp ossible without the use of computers. This

approach can b e characterized as a synthetic understand-

ing of biological system.

1

1.2 The Mo del of Scienti�c Suc c ess

Given that the synthetic approach can b e a p ow erful

means to help understanding living systems, how should

the computational approach b e used in biology? Lessons

can b e learned from the ma jor achiev ements in science.

One of the most successful areas in mo dern natural sci-

ence is particle physics. Although the ultimate theory

{ the theory of everything { is yet to b e found, particle

physics has discovered a set of basic principles which ex-

plain the fundamental mechanisms of matter and force.

F or example, one of the symbolic success stories involv es

the standard theory and the discov ery of the intermedi-

ate vector b oson. Glashow, Salam, and W einberg pro-

p osed the electro-weak theory

, which is now called \the

standard theory", as a uni�ed theory of electromagnetic

and weak force. The theory predicted hyp othetical parti-

cles called intermediate vector b osons (IVB), which had

not b een discov ered at that time. T eams of exp erimen-

tal physicists at CERN tried to discov er the IVB, and

�nally the UV-I team led by Carlo Rubia discovered the

predicted particles called W and Z. By the discov ery of

these particles, the theory was con�rmed, and the fron-

tier of research was pushed to quantum color dynamics,

which tries to explain the strong force resp onsible for

interaction b etween quarks.

This story signi�es how a new fundamental mechanism

in nature can b e discov ered. In physics, particularly in

mo dern particle physics, prediction using a promising

theory has a decisive in uence on the course of scienti�c

inquiry . F or a theory to b e seriously considered, it must

b e able to explain a set of data which is already av ailable.

How ever, the truly p ow erful theory should b e able to

make signi�cant and precise predictions which can b e

veri�ed. The p ow er of the theory lies in the prediction.

1.3 The R ese ar ch Cycle of Computer Aide d Bi-

olo gy

How can we translate this mo del into the �eld of biology?

Unlike particle physics, biology inherently deals with a

large number of interacting complements. This essential

nature of a biological system makes it di�cult for the

conv entional mathematical approach to construct theo-

ries which are p ow erful enough to describ e observed phe-

nomena and to predict undiscovered mechanisms. While

we do not deny the v alue of conv entional mathematical

analysis, we argue that for very complex and heteroge-

neous systems, the use of computer simulation should b e

considered as the central metho dology .

Therefore, we prop ose that computer simulation which

mo dels mechanisms of biological pro cesses should b e

used together with actual biological exp eriments, instead

of using abstract mathematics describing av erage b ehav-

ior of the system, so that results of simulation (which are

virtual exp eriments) can b e veri�ed by tangible exp eri-

Figure 1: Computer Aided Biological Assay Cycle

ments. The actual pro cedure is illustrated in Figure 1.

First, based on av ailable biological knowledge and data,

we create a detailed simulation mo del and carry out sim-

ulation. Once the simulation is p erformed, the results are

compared with av ailable biological data to chec k the v a-

lidity of the simulation. Generally

, the simulation results

are compared with biological data from wild-typ e of the

mo del animals. This is phase-I of the cycle.

Once the v alidity of the simulation is con�rmed, an-

other set of simulation will b e done to identify a set of

critical exp eriments which can provide us decisive evi-

dence on sp eci�c biological mechanisms. In this pro cess,

several hypotheses on p ossible mechanisms will b e imple-

mented and compared with biological data. As a result,

a set of critical exp eriments will b e designed. This is the

phase-I I.

In Phase-I I I, actual biological exp eriments will b e con-

ducted based on the exp erimental design using the sim-

ulation system.

Finally

, in the phase-IV, results of the exp eriments

will b e compared with the results of the simulation, so

that the hyp othesis can b e veri�ed or rejected. Whether

the hypothesis is veri�ed or rejected, it will add new

knowledge on biological systems. A new cycle b egins

re ecting the results of the previous cycle.

The goal of this research program is to establish a

new paradigm of biological research, and to promote un-

derstanding of living systems actually exist, rather than

arti�cial life. It is imp ortant that we should b e able to

promote understanding of existing life, b ecause it is the

only instance of life we can agree on.

2 Overall Persp ectives

Virtual Biology Lab oratories is a research program con-

sisting of several sp eci�c research pro jects under the uni-

�ed goal of creating a new paradigm of biology using

computers. In order to make a case for the prop osed

approach, and to make ma jor breakthroughs, compre-

hensive research programs using selected high impact

mo del animals and fo cusing on the mo deling of biolog-

ically signi�cant phenomena are needed. Therefore, we

hav e started following pro jects;

P erfect C. elegans pro ject: This pro ject aims at de-

tailed mo deling of Caenorhab ditis ele gans (C. ele-

gans). The adv antage of using C. ele gans for mo d-

eling is the abundance of av ailable data. Complete

cell lineage and neural circuit top ology is known, and

DNA sequencing is exp ect to b e completed within a

year or so. Expression patterns of all genes will b e

made av ailable within a few years.

Virtual Drosophila pro ject:

Dr osophila melano gaster is yet another extensively

studied animal. Sp eci�cally

, signi�cant amount of

data is av ailable for early embryogenesis, such as gap

genes, segment p olarity genes, and homeotic genes.

V arious mutants have b een identi�ed, and detailed

expression patterns hav e b een studied. In addition,

Dr osophila has a muc h more complex morphogene-

sis than C. ele gans and a substantial central nervous

system. F ormation of eyes and legs are also well stud-

ied. These conditions make Dr osophila a most ideal

sub ject for computational mo deling.

Virtual Cell Lab oratory Pro ject: Virtual Cell Lab-

oratory emphasizes simulation of the cell itself and in

vitr o cell culture. Sp eci�c targets are aging related

mechanisms of human �broblast, and Y east sac cha-

r omyc es c er evisiae. Cell aging was selected b ecause

it is one of the most signi�cant issues in recent molec-

ular cell biology

, and it may inv olve hetero chromatin

and other novel regulatory mechanisms. Y east is a

natural choice as a mo del system for computer simu-

lation, due to the abundance of av ailable data. Mech-

anisms for cell cycle control are the most well inves-

tigated and signi�cant parts of Y east research.

In this pap er, these pro jects are describ ed using a set

of initial accomplishments. While details of each pro ject

will b e describ ed elsewhere, it is imp ortant that the en-

tire research program b e describ ed, even though rather

sketc hily

, so that our inten tions and approach can b e

made clear from v arious p ersp ectives.

3 Perfect C. elegans Pro ject

The Perfect C. elegans pro ject aims at a detailed repli-

cation of C. elegans. When Sydney Brenner prop osed

a new pro ject to inv estigate C. elegans to the Medical

Research Council, he chose it b ecause it is the simplest

p ossible di�erentiated organism

[

Brenner, 63

]

. The de-

cision was right, and a number of fruitful results were generated, including complete identi�cation of the cell

lineage

[

Sulston and Horvitz, 77; Kimble and Hirsh, 79;

Sulston et al., 83

]

, and neural circuits

[

White et al.,

86

]

. The complete DNA sequencing and expression

pattern mapping using whole mount in situ hybridiza-

tion are now within our reach

[

Sulston et al., 92;

T abara et al., 96

]

. These inv estigations clarify what con-

stitutes C. ele gans and how each comp onents op erate.

How ev er, understanding the comp onents and their iso-

lated functions do es not lead to an understanding of the

dynamics b ehind the developmen t and b ehavior of this

organism. Despite the fact it is the simplest p ossible dif-

ferentiated organism, it is still to o complex to understand

the dynamics and interactions taking place. It is obvi-

ous that a synthetic approach needs to b e undertaken for

b etter understanding of this intensiv ely studied animal.

Thus, the goal of the Perfect C. elegans pro ject is the

creation of a detailed mo del of C. ele gans. W e intend to

implement mo dels for the embry ogenesis pro cess, genetic

interactions, and neural circuits.

3.1 The Nemato de Caenorhab ditis ele gans

C. ele gans is a small worm ubiquitously observed in the

soil. It comp oses the largest biomass on earth. It has a

life span of ab out 3 days and feeds on bacteria. The adult

male C. elegans has 1031 somatic nuclei, while the adult

hermaphro dite has 959 somatic nuclei. The cell lineage

of these cells hav e b een fully identi�ed by the extensive

work of a group of researchers, notably by

[

Sulston et al.,

83

]

.

The nervous system of C. ele gans is relatively simple.

Its hermaphro dites have only 302 neurons, 56 glial and

asso ciated supp ort cells. This accounts for 37% of all so-

matic cells. In the adult male, the number of neurons are

381, and there are 92 glial and supp orting cells, which is

46% of the somatic cells. White classi�ed these neurons

into 118 classes, and rep orted that there are ab out 5,000

chemical synapses, 2,000 neuromuscular junctions, and

600 gap junctions.

The size of the haploid genome is 8 � 10

7

nucleotide

pairs. The C. ele gans genome pro ject is b eing done by

the Sanger Center and W ashington Universit y , which

hav e already sequenced more than 25% of the genome.

Current progress suggests that all genes, which is esti-

mated to b e ab out 13,000, will b e identi�ed within a few

years.

The mechanism of fate determination inv olving ma-

ternal genes has b een intensively inv estigated. How ever,

subsequent fate determination is largely unknown b e-

cause downstream genes hav e not b een identi�ed. In

order to inv estigate genetic interactions for fate deter-

mination, a pro ject to identify genes that are expressed

in sp eci�c cell lineage was initiated

[

T abara et al., 96

]

.

Kohara’s pro ject at the National Institute for Genetics

uses in situ hybridization on whole mount embryos to identify expression of genes at sp eci�c cells and sp eci�c

times during the embryogenesis.

Man y mutan ts have b een isolated which can b e used

for genetic analysis. F or example, the c e d family a�ects

programmed cell death, and mutations in the lin family

genes cause cell lineage abnormality

. There is a large list

of genes and their phenotypical disorders. In addition, a

series of manipulations are p ossible during embryogenesis

through laser ablation or direct micro-manipulation.

3.2 Embryo genesis Visualization and Simula-

tion

Given these biological accomplishments and on-going ef-

forts, the p erfect C. elegans pro ject aims at creating a

detailed simulation mo del, one that promotes our under-

standing of life, particularly C. ele gans.

As the �rst step tow ard this goal, we hav e develop ed a

computer graphics system which visualizes the develop-

mental pro cess of C. elegans. The system is based on the

cell lineage and cell lo cation data investigated by Sulston

et al., along with v arious other literature. The system

generates computer graphics images from the division of

the �rst cell to around 600 minutes after the �rst cell

division.

3.2.1 Data R esour c e

It is a non-trivial task to create a reasonably accurate

computer graphics image based on the av ailable data b e-

cause information necessary to create three dimensional

mo dels is missing. The following information is av ailable:

� the complete cell lineage chart

� hand-drawn pictures in 2-1/2 dimension

{ all 28 cells at 100 minutes

{ 55 out of 180 cells at 200 minutes

{ 137 out of more than 350 cells at 260 minutes

{ 156 out of more than 350 cells at 270 minutes

{ most cells at 430 minutes

� qualitative descriptions of the shap e of embry o

� qualitative description of disparity in the size of di-

vided cells

� general information on migration

Ho wev er, muc h essential information is missing. F or

instance, the three-dimensional p osition of the cells is

only given for a subset of cells at only a few time p oints.

In addition, the lineage chart only indicates the approx-

imate time of the divisions and the rough direction of

division, such as anterior-posterior, dorsal-ven tral, or

left-right. F or example, the cell lineage of tw o ring inter-neurons (ADAL and ADAR) are shown as ADAL

AB.plapaaaapp and ADAR AB.prapaaaapp. This means

that an ADAL cell was derived from the founder cell AB,

and was created after a series of divisions in the order of

p osterior (p), left (l), anterior (a), p osterior (p), four an-

terior (aaaa) divisions, and tw o p osterior divisions (pp).

ADAR, which is a symmet ric counter part has a similar

lineage, but made a division to b e a right cell after the

p osterior division. Howev er, in reality

, the direction of

cell divisions are not necessarily aligned with these axis.

A new technique must b e develop to understand ab out

the approximate direction of divisions.

By the same token, the lo cations of cells are drawn as a

series of two-dimensional �gures. While the approximate

tw o-dimensional lo cation of cells can b e estimated from

these �gures, it only provides crude p osition for depth

(or vertical p osition) of cells. The vertical p osition of

cells are shown only by using circles with three levels of

thickness. Again, a new simulation metho d needs to b e

developed to estimate 3D lo cations of cells.

Obviously

, a straightforward wa y would b e to collect

three-dimensional p osition and shap e data one step at a

time, so that computer graphics could b e created based

on these data without problems. How ever, this approach

is very lab or intensiv e b ecause each cells at every time

step must b e manually identi�ed and the p osition data

collected. In order to collect such data, researchers need

a crude 3D visualization to ol to assist in the identi�-

cation of cells and their p ositions. In addition, such an

approach cannot b e applied to visualize the developmen t

of organisms having only a limited amount of p osition in-

formation. Therefore, we need to develop a system which

can generate reasonably accurate 3D computer graphics

based on limited data sets.

3.2.2 Mer ging Simulation with Data

Our strategy to ov ercome this problem is to merge sim-

ulation with data. First, in order to assure the accuracy

of the computer graphics image, cells must b e in the p o-

sition given in the observed data.

A set of data obtained from actual observ ation must

b e represented in machine readable form. T able 1 shows

a part of a data record representing cell lineage and cell

p ositions taken from the Sulston data. R is a record type

(f and p mean a full record, x means a terminal record),

and d

1 and d

2 are the names of daughter cells. When

a ’*’ is attached in front of a symb ol, such as ’*a’, it is

concatenated to the name of the mother cell to create

the name of the daughter cell. F or example, AB cell’s

daughters are lab eled ’*a’ and ’*p’ in the table. The

full name of these daughter cells are ABa and ABp. x,

y , and z indicate the direction of division. The relative

volume of the d

1 cell is shown as ’vol’. The time of

division is indicated in ’time’. x

1

, y

1

, z

1

, r

1 are the x,

y , z p ositions and the radius of the cell at time p oint t

1

,

R Cell name d

1 d

2 x y z vol time x

1 y

1 z

1 r

1 t

1 x

2 y

2 z

2 r

2 t

2

f Egg AB P1 0 1 0 .6 0 0 0 0 5.4 0

p AB *a *p 0 1 -1 .5 18

p ABa *l *r -1 0 0 .5 35

p ABp *l *r -1 0 0 .5 35

p P1 EMS P2 0 1 -1 .6 19

p EMS MS E 0 1 0 .6 38

p P2 C P3 0 1 1 .6 44

.

.

.

p ABalaaappr l r -1 0 0 .5 287 5.0 15.8 -2 1.8 260 -3.9 15.3 -5 1.7 270

T able 1: Data Record for Cell Lineage and Cell Positions

resp ectively

. A set of data can b e rep eated for di�erent

time p oints. Basically

, this data-base contains most of

the information provided in

[

Sulston et al., 83

]

. Even

when we obtain more accurate data, we can continued

to use this data record by making minor changes. One

p oint which needs to b e changed is the way the direction

of cell division is sp eci�ed. In the current data structure,

it is represented as a three-dimension vector where each

dimension has only three v alues (1, 0, and -1). This will

b e changed to represent a contin uous num b er. The p olar

co ordinate system will b e used. Cell shap e information

is not included in the current version. This needs to b e

added in the future.

Second, v arious simulation techniques are used to �ll

in missing information, such as the lo cation of cells not

given in the data. Essentially

, this part of the system

computes the dynamics b etween cells, such as the force

to push back colliding cells (equations not shown). How-

ever, if only dynamics simulation is used to decide the

p osition of cells, some cells will not b e in the p osition de-

scrib ed in the observed data, b ecause of cell mov ement.

In order to comp ensate for this discrepancy

, a force that

a cell is supp osed to generate for its mov ement is esti-

mated using the inverse kinematic technique, and added

to the cell’s force vector.

The shap e of an embry o changes after 200 minutes cre-

ating the so called "comma" and "2-fold" shap e. While

the driving force b ending the embry o’s shap e is not iden-

ti�ed biologically

, computer simulation imp ose a top-

down kinematics. At 200 minutes, a cylindrical co or-

dinate system is imp osed to describ e cell lo cations. The

cylindrical co ordinate system itself slowly b end to agree

with the observed shap e, so that the cells change their

absolute p osition according to the b ending of the cylin-

drical co ordinate. As a result, we have successfully cre-

ated a computer graphics visualization of embryogenesis

of C. ele gans (�g. 2).

Coloring of cells can b e selected to suit the purp ose

of the visualization. This information is held in the cell

color assignment map in the system. The default assign-

ment map is based on the cell fate, as shown in A. An

alternative color map assigns colors to each cell based

Color Cell F ate

Red Dermal cells

Green Neural cells

Blue Digestive system cells

Cyan Bo dy muscle cells

Magenta Germ cells

Y ello w Excretory system cells

White Miscellaneous blast cells

(also mixed lineage cells)

Dark Green T ail spike cells

Dark Grey Cells which will die

Black Dead cells

(not yet absorb ed by other cells)

(A)

Color Precursor Cell

Red AB

Green MS

Blue E

Cyan P ,Z

Magenta D

Y ello w C

White Early generation (ex. Egg)

(B)

T able 2: Color Maps

on the cell precursor (shown in B). All images shown in

�gure 1 uses the default color map. If ’transparent’ is

assigned to a cell, the cell will not b e visible on the im-

age, although it exists for computing dynamics, making

it p ossible to display only certain cells.

Current implementation uses C++ programming lan-

guage, an Op enGL graphics library

, and a SGI sphere

library on a Silicon Graphics workstation. The cell col-

oring can b e selected either by cell fate or by their mother

cells (T able 1). The system enables zo oming in and out,

and rotation around any X-, Y-, Z-axis. Simulation can

(A) 1 cell (B) 2 cells (C) 4 cells

(D) 50 min. (E) 200 min.

(F) 350 min. (G) 400 min.

Figure 2: Snapshots of computer graphics images of C. elegans embryogenesis

Computer graphics (CG) images of the developmen t of C. elegans. Colors assigned to cells based on the cell fate

color map. A, B, and C are snapshots of the CG image at the initial stage (egg), tw o cells stage, and four cells stage,

resp ectively

. D, E, F, and G are snapshots at 50 minutes, 200 minutes, 350 minutes, and 400 minutes after the �rst

cell division, resp ectively

. F and G show the gradual b ending of the embry o into the \comma" state.

b e paused at any time step during the execution allowing

users to closely examine the visualized image as in a still

picture.

Implemen tation of the mo del can b e an extremely use-

ful to ol for biologists working on C. ele gans. It can b e

a comprehensive visual data-base of C. elegans, as well

as b eing an assistant system for cell identi�cation. Cur-

rently

, the most widely used computer assisted system

for C. elegans is the Angler system, also called the 4D

system, developed by the Sanger Center. Basically

, it is

a collection of tagged images taken by Nomarski confo cal

microscopy

. Howev er, the Angler system do es not pro-

vide the capability to rotate images, or to animate the

embry ogenesis pro cess. Our system, viewed as a visual-

ization system, compliments the Angler system by pro-

viding computer graphics images and simulations linked

with a set of optical images.

Ho wev er, the system is not merely a visualization and

data-base interface. It implements a physical mo del

which also computes the dynamics b etw een cells. Mo d-

eled as contin uous elastic b o dy

, it can b e augmented as a

virtual lab oratory in which we can conduct microscopic

op erations such as shifting cell lo cation and laser abla-

tion. W e are currently working on the implementation of

a genetic interaction simulator which can b e integrated

with the physical simulation system already developed.

The new genetic comp onents sp eci�cally mo del cell fate

determination until the 46 cells stage, where ma jor cell

fate determinations are made.

In addition, we have already implemented a simulator

for a thermotaxis neural subsystem

[

Mori and Ohshima,

95

]

. The implementation of simulator for a complete

neural circuit is underwa y . Overall, the Perfect C. ele-

gans pro ject is at the phase-I level and is quickly moving

tow ard phase-I I.

4 Virtual Drosophila Pro ject

The Virtual Drosophila pro jects aims at the detailed

mo deling of Dr osophila, which is yet another extremely

well-in vestigated mo del animal.

The embry ogenesis of Dr osophila di�ers from that of

C. ele gans in that it do es not form cells at the earli-

est stages. After 13 successive nuclear divisions, ab out

6,000 nuclei form a syncytial blasto derm. Cellular mem-

brane do not form until the thirteenth nuclear divisions.

Thus, until this stage, gene pro ducts can spread freely

in the embryo. The ma jor part of the axis and b o dy

segment formation takes place during this p erio d. This

is a complementary sub ject to C. ele gans where cell-cell

interaction plays a ma jor role in cell fate determination.

By inv estigating these two mo del animals which hav e

di�erent embryogenetic mechanisms, we can b etter un-

derstand the essence of developmen t.

As a �rst stage of the Virtual Drosophila pro ject, we

hav e implemented simulation for b o dy axis and b o dy seg-

Class Gene

Maternal E�ect Genes bicoid (b cd)

nanos (nos)

troso (tor)

Gap Genes hunc hbac k (hb)

Krupp el (Kr)

knirps (kni)

giant (gt)

tailless (tll)

hack eb ein (hkb)

Pair-Rule Genes even-skipped (eve)

T able 3: A list of genes implemented in a current version

of simulator

ment determination. This is an early embry ogenesis pro-

cess, and involv es maternal e�ect genes, gap genes, pair-

rule genes, and segment p olarity genes. T able 3 shows

the set of genes which have b een mo deled at present.

The simulator should b e able to mo del such pro cesses

as gene transcription, translation, and di�usion. First,

gene transcription can b e mo deled by a sto chastic pro-

cess where activ ators and repressors comp ete for a bind-

ing site. When tw o comp onents comp ete for one bind-

ing site, a simple wa y to approximate the probability on

which a comp onent binds to the site can b e describ ed as:

P =

U

a

U

a

+ U

b

(1)

where U

a and U

b are the levels of protein a and b con-

centration near the binding site. How ever, this assumes

that the binding a�nity is equal, which is not necessary

the case. Thus, by incorp orating binding a�nity

, the

ab ove equation can b e rewritten as:

P =

�

a

U

a

�

a

U

a

+ �

b

U

b

(2)

where �

a and �

b are the binding a�nity of the acti-

v ator or the repressor a and b, resp ectively

. In a sim-

ple mo del, the amount of transcription directly corelates

with the probability that the activ ator binds to the bind-

ing site. There are, how ever, much more complex situ-

ations, which would require more elab orate simulation.

The mo del for such a case will b e describ ed elsewhere.

T ranscription of a gene results in mRNA. In the simu-

lation, mRNA is created as a pro duct of gene transcrip-

tion, and protein is created by translating mRNA. Some

maternal e�ects gene pro ducts such as nanos binds to

hunchb ack at translation pro cess, not at the transcrip-

tional pro cess. Pro ducts of most other genes inv olved

in this simulation can b e assumed to act directly on the

promotor region as an activ ator or as a repressor. The b cd nos tor hb Kr kni gt tll hkb

b cd (+) +

nos -

tor -

hb + - -

Kr + -

kni - -

gt - -

tll - - -

hkb - - -

T able 4: T ranscriptional Regulation T able

Figure 3: Simulated Expression Pattern of Gap Genes

regulatory relationship b etween genes and their pro ducts

are shown in T able 4. In T able 4, + means that the pro-

tein acts as transcriptional activ ator of the target gene.

(+) means that it promotes the translation pro cess by

acting on mRNA. � shows that it acts as a repressor.

F or example, bc d acts as a promotor of translation for hb

and as a transcriptional activ ator for Kr.

Once the protein is created, it di�uses throughout the

egg. As a crude approximation, we use a cylindrical co or-

dinate system, instead of the exact ov al shap ed embry o.

Currently

, we are developing a more accurate 3D, ov al

egg so that a slight increase in concentration level at

the anterior or p osterior ends can b e mo deled. A simple

equation for di�usion can b e written as:

@ U

i

@ t

= D

i

@

2

U

i

@ x

2

(3)

where U

i is concentration of protein i, and D

i is di�u-

sion constant for i.

Figure 3 shows teh simulation result for expression

patterns of gap genes for the wild type Drosophila. This

is highly consistent with actual expression patterns of

Dr osophila wild types.

A pioneering study on simulation of Dr osophila early

embry ognesis can b e found in

[

Reinitz and Sharp, 95;

Reinitz, et al., 95

]

. Our simulation system extends such

a study by enabling creation of v arious mutants, such as

the giant kno ck out, and the b c d kno ck out, which result

in a loss-of-function typ e mutan t, and the overexpresion

Figure 4: Simulated Expression Pattern of b c d- mutant

of sp eci�c genes. There are three ma jor wa ys to carry

out mutan t analysis using the system.

The �rst metho d is the loss-of-function kno ck out,

where a sp eci�c gene is kno ck ed out so that no pro d-

uct can b e created from that gene. Such exp eriments

can b e replicated by simply disabling the transcription

of the target gene in the simulator. F or example, Figure

4 shows a simulated gene expression pattern of the bc d-,

bic oid kno ck out mutant. Only Kr and gt are expressed.

Because no bc d exists, hb is not translated, and therefore

is not expressed.

The second metho d is the overexpression of a gene,

where the dosage of pro duct from the target gene is ar-

ti�cially increased. This can b e replicated by increasing

a parameter which determines transcriptional e�ciency ,

or by imp osing a constant level of pro ducts to b e present

in the system.

The third metho d is site directed mutagenesis, in

which a sequence of the sp eci�c binding site is altered

disabling the activ ator or the repressor binding capabil-

ity . F or those promotor regions where a detailed mo del is

implemented, this metho d can b e repro duced by chang-

ing the binding a�nity of sp eci�c pro ducts at a sp eci�c

site.

Using these metho ds, the Virtual Drosophila system

can replicate most of the mutation analysis actually car-

ried out by molecular biologists. Thus, we can con�rm

the accuracy of the simulation. as it predicts p ossible

molecular mechanisms of the embry ogenesis pro cess.

Currently

, the Virtual Drosophila pro ject is moving

from Phase-I I to the Phase-I I I level with regards to pre-

diction on some sp eci�c gene regulation mechanisms,

such as strip e 2 of eve.

5 Virtual Cell Lab oratory Pro ject

5.1 Overview

Virtual Cell Lab oratory (VCL) is a computer simulation

system which implements abstract mo dels of molecular

dynamics on gene regulation for each cell. Contrary to

previous pro jects which fo cused on in vivo, VCL tar-

gets in vitr o biological exp eriments. F or many biological systems which have complex p opulation dynamics and

nonlinear features, discreteness, and cell-cell interaction,

attempts to draw a set of equations often fail to cap-

ture the essential dynamics of the system, and they often

generate misleading data. Cellular senescence is one of

many biological phenomenon, and emb o dies character-

istics where av erage analysis face di�culties. Thus, our

simulation system takes into account following issues:

Cell-based mo del: In our simulation, virtual cells are

created, each of which represents an actual cell in a cor-

resp onding biological exp eriment. This feature enable

us to precisely mo del b ehaviors of the heterogeneous cell

p opulation.

Mo deling mechanisms and interactions: W e sim-

ulate the internal mechanisms and the cell-cell interac-

tions of each cell. Complex dynamics of histon com-

plex, nucleosome, repressor, and cell-cell interactions are

generally to o complicated to describ e using equations

without losing essential characteristics. Instead of us-

ing equations, we create computer programs to simulate

mechanisms inside the cells and their interactions. Each

virtual cell is assigned an indep endent memory space in

the main memory of a computer. F eatures such as, state

of nucleosome binding sites, transcription, concentration

of regulators and promoters are represented as a set of

data structures and v ariables assigned to each cell. In

the current, simulation we can create up to 10

5

virtual

cells.

The level of abstraction: W e simulate abstract

molecular mechanisms, rather than detailed dynamics of

each molecule. F or inv estigating phenomenon at the cell

p opulation level, mo deling from molecular dynamics it-

self is to o detailed and computationally exp ensive. In-

stead, we simulate the state of chromatin structure, such

as the binding of nucleosome, or telomere shortening.

5.2 VCL Applie d to Cel lular Senesc enc e

As the �rst target of the VCL system, we have applied

our approach to inv estigate the mechanisms of cellular

senescence. Cultured diploid cells hav e a limited prolif-

erative p otential. This is known as the Hay ick limit

[

Ha y ick and Mo orhead, 1961

]

. This phenomenon has

b een con�rmed by v arious exp eriments, and the age of

the donor inv ersely corelates with the doubling p oten-

tial of the �broblasts. Numb ers of genes asso ciated with

cellular senescence have b een rep orted, and numbers

of hypotheses hav e b een prop osed. How ever, none ex-

plain a comprehensive b o dy of data which includes data

that app ear to b e contradictory

. Among many exp er-

imental observ ations, there are two ma jor observ ations

which a correct theory of cellular senescence must ac-

Figure 5: VCL Applied for Cell Aging Simulation

count for. These are growth kinetics data, prop ortion

of non-dividing cells in the culture, and gene expression

data. VCL was used to test v arious hyp otheses with

regards to cellular senescence. Figure 5 demonstrates

the VCL screen applied to cellular senescence. It shows

simulated data on growth kinetics, prop ortion of non-

dividing cells in the culture, the physical lo cation of cells

with simulated rep orter genes, and a simulated contin u-

ous northern blotting.

As a result of extensive simulations, we have come to

the conclusion that hetero chromatin structures control

silencing of the genes related to the aging of the hu-

man �broblast

[

Kitano and Imai, 1996

]

. The hyp oth-

esis not only explains all existing data on normal hu-

man �broblasts, but also explains the data for Simian

Virus 40 T Antigen-T ransformed Fibroblasts (cells that

are transformed by SV-40 T-antigen, which signi�cantly

extends their life-span), measured in terms of PDL, and

W erner’s Syndrome Fibroblasts. These �broblasts taken

from W erner’s Syndrome (WS) patients, show signi�-

cantly shorter life-span. In addition, predictions made

by the simulation have b een con�rmed recently in actual

cells

[

Imai et al., 1996

]

.

The cellular senescence part of the VCL pro ject have

completed the �rst cycle of the computer-aided biological

assay . F ormulation of a more a detailed hyp othesis will

b e stage-I of the second cycle. The yeast part of the

pro ject has just started and is still at the stage-I level.

6 Discussions

These pro jects are designed to complement the strengths

and weaknesses of each pro ject. These are inherent

when choosing certain mo del animals. If, for exam-

ple, Dr osophila is chosen, it is not p ossible to use its

cell lineage, b ecause the number of cells is to o large.

Dr osophila’s strength is in extensive analysis of the de-

velopmen tal pro cess; also, their b o dy structure is much

more complex than C. elegans. C. elegans has a particu-

lar adv antage in the existence of a complete cell lineage,

DNA sequence and neural circuit data. How ever, its neu-

ral system and developmental pro cess are to o simple;

therefore, knowledge obtained by using C. ele gans can-

not b e directly applied to other, more complex animals.

How ever, it is an extremely go o d sub ject for establishing

metho dologies and for understanding the basic b ehav-

ior of developmen tal and neural systems. In addition,

although ma jor di�erences exist b etw een C. ele gans, hu-

mans, mice, and Dr osophila, there are substantial com-

monalities. Extensive studies are now b eing made on the

neurogenesis of central nerve system. VCL fo cuses on in

vitr o simulation, and tries to mo del more details of cell

itself.

By combining the simulation skills develop ed for these

mo del animals, we are able to design a generalized soft-

ware system which can b e used for a broad range of

computer-aided biological studies. W e are currently de-

veloping a physical simulation mo dule, a genetic interac-

tion mo dule, and a neural system mo dule. These mo d-

ules are de�ned using a class library which de�nes teh

b ehaviors of genes, cells, cell-cell interactions, and phys-

ical interactions. The level of details in the simulation

can b e adjusted, once the pack age is completed, by se-

lecting the functions to b e used from the class library .

7 Conclusion

In this pap er, a trong argument for a new approach to

b e taken for more p owerful usage of computer systems in

computational biology

, or computer-aided biology

, is pre-

sented. The three pro jects describ ed in this pap er exem-

plify this approach. While it is not p ossible, due to space

limitations, to explain the details of each pro ject or to

discuss signi�cant predictions enabled by the approach,

the activities of our biological counter-parts have b een

signi�cantly reinforced and emp ow ered. This is mainly

b ecause the mo deling and simulations provide a clearer

picture of p ossible hypotheses and scenarios which may

actually b e happ ening in the living systems. W e hop e

that this pap er contributes to the arti�cial life commu-

nity in bridging the gap b etw een arti�cial life and the

natural life.

References

[

Achacoso and Y amamoto, 92

]

Achacoso,

T., and Y amamoto, W. (1992). A

Y’s neur o anatomy of C.

ele gans for c omputation, Bo ca Raton, FL: CRC.

[

Brenner, 63

]

Brenner, S. (1963). A letter to Max Perutz, 5, June. Up

loaded on http://eatworm.swmed.edu/Sydney.html

[

Brenner, 74

]

Brenner, S. (1974). \Genetics of Caenorhabdi-

tis ele gans," Genetics, 77, 71-94.

[

Hay ick and Mo orhead, 1961

]

L. Hay ick and P

. S. Mo or-

head. (1961). \The Serial Cultiv ation of Human Diploid

Cell Strains," Exp. Cel l R es. 25, 585.

[

Kitano and Imai, 1997

]

Kitano, H., and Imai, S., \A Com-

puter Simulation of Cellular Senescence," in preparation.

[

Kitano and Imai, 1996

]

Kitano, H., and Imai, S., (1996).

\The Virtual Cell Lab oratory Predicts The Molecular

Mechanism of Cellular Senescence | A Computer-Aided

Approach to Biology of Aging," Mole cular Biolo gy of the

Cel l, V ol. 7, Supplement, 533a.

[

Imai et al., 1996

]

Imai, S., et al. (1996). \OCT-1 Mediated

T ranscriptional Repressive Machinery Controls Cellular

Senescence and Immortalization Asso ciated Gene T ran-

scription," Molecular Biology of the Cel l, V ol. 7, Supple-

ment, 533a.

[

Sulston and Horvitz, 77

]

Sulston, J. E. & Horvitz, H. R.

(1977). \Post-em bryonic Cell Lineage of the Nemato de,

Caenorhabditis elegans" Devl Biol. 56, 110-156.

[

Kimble and Hirsh, 79

]

Kimble, J. E. & Hirsh, D. I. (1979).

\The Post-Embry onic Cell Lineage of The Hermaphro dite

and Male Gonad of Caenorhadbitis elegans," Devl Biol. 70,

396-417.

[

Mori and Ohshima, 95

]

Mori, I. and Ohshima, Y. (1995).

\Neural regulation of thermotaxis in Caenorhabditis ele-

gans", Natur e, 376, 27.

[

Priess and Thomson, 87

]

Priess, J. and Thomson, J. N.

(1987). \Cellular Interactions in Early C. elegans Em-

bryos", Cel l, 48, 241-250.

[

Reinitz and Sharp, 95

]

Reinitz, J. and Sharp, D. (1995).

\Mechanism of eve strip e formation", Me ch. Dev., 49, 133-

158.

[

Reinitz, et al., 95

]

Reinitz, J., Mjolsness, and Sharp, D.

(1995). \Mo del for Co op erative Control of Positional Infor-

mation in Dr osophila by Bicoid and Maternal Hunch back",

J. Exp. Zo ol., 271: 47-56.

[

Sulston et al., 83

]

Sulston, J. E., Schierenberg, E., White, J.

G. & Thomson, J. N. (1983). \The Embryonic Cell Lineage

of the Nemato de Caenohab ditis elegans," Dev. Biol. 100,

64-119.

[

Sulston et al., 92

]

Sulston, J. E. et al. (1992). \The C. ele-

gans genome sequencing pro ject: a b egining," Natur e 356,

37-41.

[

T abara et al., 96

]

T abara, H., Motohashi, T. & Kohara, Y.

(1996). \A Multi-W ell V ersion of in situ Hybridization on

Whole Mount Embry os of Caenorhab ditis ele gans," Nucleic

Acids Res., 24 2119-2124.

[

W aterston and Sulston, 95

]

W aterston, R. and Sulston, J.

E. (1995). \The genome of Caenorhab ditis ele gans," Pro c

Natl A c ad Sci USA 92:24, 10836-40.

[

W atson and Click, 53

]

W atson, J. D., and Click, F. H.

(1953). \Molecular Structure of Nucleic Acids: A Struc-

ture for Deoxyribose Nucleic Acid," Nature, 171: 737-738.

[

White et al., 86

]

White, J. G., Southgate, E., Thomson, J.

N. & Brenner, S. (1986). \The Structure of the Nervous

System of the Nemato de Caenorhab ditis elegans," Phil.

T r ans. R. So c. 314, 1-340.