[9] D. Stano jevic, T. Ho ey

, and M. Levine. Sequence-sp eci�c dna-binding activities of the gap

proteins enco ded by hunc hbac k and krupp el in drosophila. Natur e, 341:331{335, 1989.

[10] J. T reisman and C. Desplan. The pro ducts of the drosophila gap genes hunc h back and krupp el

bind to the hunc hbac k promoters. Natur e, 341:335{337, 1989.

App endix

Another rule for gap proteins

Protein hb is known to b e repressed by nos, but in our simulation, activ ation by b c d is su�cient for

its lo calized expression.

[hb 10 1 [[(A 3) (N .) (N .) (N .) (N .) (N .)]]]

[Kr 10 1 [[(R 3) (R 3) (N .) (N .) (R 3) (R 4)]]]

[kni 10 1 [[(N .) (A 1) (N .) (R 4) (N .) (R 1)]]]

[gt 10 1 [[(N .) (N .) (R 4) (R 1) (R 4) (N .)]]]

Another rule for p air{rule proteins

(Activ ation not alwa ys required. Display 2)

Hierarchical regulation is clear in this rule. First hairy emerges in and from b etw een gap proteins.

Next, runt comes out where there is no hairy.

[hairy 10 1

[[(N .) (N .) (N .) (R 3) (R 3) (R 3) (N .) (N .)]

[(N .) (N .) (N .) (N .) (N .) (A 4) (N .) (N .)]

[(N .) (N .) (N .) (N .) (A 4) (N .) (N .) (N .)]]

[runt 10 1

[[(N .) (N .) (N .) (N .) (N .) (N .) (R 1) (N .)]

[(N .) (N .) (N .) (N .) (A 3) (N .) (N .) (A 5)]

[(N .) (N .) (N .) (N .) (N .) (N .) (N .) (A 3)]]

Another rule for p air{rule proteins

(Activ ation alwa ys required.)

This pro duces similar result as that of Rule 2. There is no hierarchical interaction b etw een p air{rules.

[hairy 10 1 [

[(N .) (N .) (N .) (N .) (N .) (S 4 3) (N .) (N .)]

[(N .) (N .) (N .) (S 3 1) (N .) (N .) (N .) (N .)]

[(N .) (N .) (N .) (N .) (S 4 3) (N .) (N .) (N .)]]]

[runt 10 1 [

[(N .) (N .) (N .) (N .) (N .) (N .) (N .) (N .)]

[(N .) (N .) (N .) (N .) (N .) (S 3 1) (N .) (N .)]

[(N .) (N .) (N .) (S 4 2) (N .) (N .) (N .) (N .)]]]

With 2 proteins only

, how ev er, the num b er of threshold v alues exceeds 40. T o cop e with more

proteins, the simulator needs to b e muc h more e�cient.

6 Conclusion

W e prop ose threshold mo del for qualitative simulation of proteins. After this mo del, Simfl y2

is implemented for the simulation of DNA-binding proteins in Dr osophila embry ogenesis. Using

GA, Simfl y2 found the relation among gap proteins, interaction which Simfl y found in our

last work. Simfl y2 also suggests following relation among gap and p air{rule proteins.

� Pair{rule proteins are regulated by a small num b er of proteins.

� Pair{rule 7 strip es emerge in hierarchical manner, if a protein may not hav e its own

activ ator. If the protein must hav e its activ ator, strip e region is simultaneously sp eci�ed

through subtle changes in threshold v alues.

Ac kno wledgmen t

W e thank Prof. Iba for his helpful comment and his suggestion ab out GA. W e also thank Prof.

T ak agi at Human Genome Center (HGC) for letting us use the facilities in HGC. This work was

supp orted by a Grand-in-Aid for Scienti�c Research on Priority Areas, ‘Genome Informatics’,

from the Ministry of Education, Science, Sp orts and Culture of Japan.

References

[1] M. Arita, M. Hagiya, and T. Shiratori. Geisha system: an environmen t for simulating protein

interaction. In Pr o c e e dings Genome Informatics Workshop 1994, pages 80{89, 1994.

[2] J. A. Langeland and S. B. Carrol. Conserv ation of regulatory elements controlling hairy pair-rule

strip e formation. Development, 117:585{596, 1993.

[3] M. J. Pankratz, M. Ho ch, E. Seifert, and H. Jackle. Krupp el requirement for knirps enhancement

re ects ov erlapping gap gene activities in the drosophila embry o. Natur e, 341:337{339, 1989.

[4] M. Ptashne. A Genetic Switch. Blackw ell Scienti�c Pub., 1987.

[5] J. Reinitz and D. Sharp. Mechanism of eve strip e formation. T ec hnical Rep ort LA-UR-94-1915,

Los Alamos National Lab oratory

, 1994.

[6] G. Riddihough and D. Ish-Horowicz. Individual strip e regulatory elements in the drosophila hairy

promoter resp ond to maternal, gap, and pair-rule genes. Genes & Development, 5:840{854, 1991.

[7] R. Rivera-P omar, X. Lu, N. Perrimon, H. T aubert, and H. Jackle. Activ ation of p osterior gap

gene expression in the drosophila blasto derm. Natur e, 376:253{256, 1995.

[8] S. Small, R. Kraut, T. Ho ey

, R. W arrior, and M. Levine. T ranscriptional regulation of a pair-rule

strip e in drosophila. Genes & Development, 5:827{839, 1991.

F rom this result, we can tell that repression of kni by gt and that of hb by nos are redundant.

See the threshold takes from 1 to 5. W e can draw Rule 1 from this result. F or each run of GA,

w e can �nd a new regulatory patterns in this wa y . Some other patterns are shown in App endix.

Next, we tested how p air{rule strip es can emerge from the optimal gap protein pattern.

With relations for gap proteins �xed, 3 rules for hairy protein and 3 for runt were searched. If

w e do not allow 0 to b e a threshold, Rule 2 are pro duced. If we allow, Rule 5 is pro duced. The

expression pattern with this rule is shown in Display 2.

Display 2

Rule 5

[hairy 10 1 [

[(N .) (N .) (N .) (R 4) (R 2) (R 3) (N .)(N .)]

[(N .) (N .) (N .) (N .) (N .) (A 4) (N .)(N .)]

[(N .) (N .) (N .) (R 2) (N .) (R 1) (N .)(N .)]]

[runt 10 1 [

[(N .) (N .) (N .) (N .) (N .) (N .) (R 1)(N .)]

[(N .) (N .) (N .) (A 3) (N .) (A 2) (N .)(N .)]

[(N .) (N .) (N .) (R 3) (A 4) (N .) (N .)(N .)]]

Note that b oth proteins contain many N rules. Simpler rules seem to emerge easier than

complex ones. In Rule 5, runt do es not regulate hairy. More closer lo ok reveals that as muc h

as 5 hairy strip es emerge through only repression by gap proteins (see the �rst rule for hairy).

With repression only

, many strip es can hierarchically emerge in this wa y , but it is unlikely

that a protein has no activ ator. With activ ation, how ev er, neither hierarchical regulation nor

m utual interaction b etw een p air-rule proteins is observed as in Rule 2.

5 Discussion and F uture W ork

5.1 GA Parameters

In GA, most imp ortant is the parameters set for each problem: crossov er rate, mutation rate,

and initial p opulation. In fact, without knowledge of terrain of a given problem, we cannot

prop erly determine these v alues. Currently the p opulation is set to 300 � 400. Larger p opula-

tion is b etter, but we need to make the program more e�cient to simulate with more p opulation.

Implemen tation on a more e�cient machine is our future work.

5.2 P air{rule Proteins

Primary pair{rule proteins, (eve, hairy, runt), interact with one another. W e hav e simulated

only hairy and runt protein, but other proteins need to b e simulated to �nd the real interaction.

Figure 3: GA op erators

4.4 Result

First we tested the rule of previous Simfl y, and con�rmed that GA did �nd the optimal

relations we had found using exhaustive search in the last version.

Figure 4: Optimal Pattern

Rule 4

bcd caudal hb Kr kni gt

[[hb 10 1 [[(A 13)(R 1235)(N .) (R 3)(N .) (N .) ]]]

[Kr 10 1 [[(N .) (R 3) (N .) (N .)(R 45)(R 13) ]]]

[kni 10 1[[(N .) (S 4 1) (R 34)(R 4)(N .) (R 145)]]]

[gt 10 1 [[(N .) (N .) (N .) (R 4)(R 13)(N .) ]]]]

Started with the total p opulation 300, mutation rate 5%, crossover rate 80%, and survivors’

p opulation 40 for each generation, GA converges within 20 generations to Rule 4. F or R and A,

only one threshold is shown. (The other is �xed.) Juxtap osed num b ers mean that the threshold

can take any of these num b ers. Note that GA do es not alwa ys �nd this result.

Figure 2: Guessing Relations

F rom observ ations in genetics, we can logically guess the p ossible relation among proteins.

F rom expression patterns rep orted in literature, many relations are determined to b e never

repressed, never promoted, or not related.

These restrictions can b e used as in Rule 3. Blank braces are regarded as S relation, in

whic h two thresholds are required, while restricted braces requires only one or no threshold.

4.3 Genetic Algorithm

Simfl y2 rep eats the following cycle.

1. Create initial p opulation.

2. Ev aluate each individual and sort the p opulation.

3. Leave b etter individuals and kill others.

4. Duplicate individuals, then crossover and mutate them.(Figure 3)

5. Goto step (2)

GA can search for pseudo-optimal v alues for a given problem, though its mechanism of p erfor-

mance has not yet fully analyzed. GA is a v arian t of hill{climbing metho d, and if the climbing

terrain contains many sheer cli�s, it do es not well work. The terrain of the problem dep ends

on ev aluation function, so what is imp ortant is de�nition of ev aluation function. Ev aluation

function in Simfl y2 is the same as that in Simfl y; the num b er of matching interv al relation of

proteins. If the matching num b er of two rules are the same, the rule with less v alid relations has

a b etter score. (Rememb er that simpler rules are b etter.) With this ev aluation function, the

terrain still have cli�s; a single change in a rule may reduce the num b er of matching score by 3

or 4. Therefore, GA often fails to �nd the b est answer. But note that GA is not an optimizing

algorithm. It su�ces if GA �nds a new interaction among proteins in a several times of runs.

N: No relation. Proteins do not interact. If the low er threshold is larger than the upp er in S

relation, corresp onding tw o proteins do not interact, either.

A relation (S 4 1) in kni rule of c audal column is interpreted as

if 4 > amount(caudal) > 2 then create(kni) .

F rom Rule 1, you can tell that hb emerges only when b c d is more than 2 and Kr is less than 3.

Pair{rule proteins may hav e multiple regulatory lo ci. Each relation in a rule is interpreted

as conjunct, and each juxtap osed rule as disjunct.

[name [[(S1) (S2) (S3)]

[(S4) (S5) (S6)]]]

$ create(name) if

( S1 ^ S2 ^ S3 )_

( S4 ^ S5 ^ S6 )

F or example, assume protein hairy and runt hav e 3 regulatory lo ci each. F ollowing is an

example for these p air{rule proteins.

Display 1

Rule 2

[hairy 10 1 [

[(N .) (N .) (N .) (N .) (S 5 4) (N .) (N .) (N .)]

[(N .) (N .) (N .) (N .) (N .) (S 3 1) (N .) (N .)]

[(N .) (N .) (N .) (S 4 2) (N .) (N .) (N .) (N .)]]]

bcd caudal hb Kr kni giant hairy runt

[runt 10 1 [

[(N .) (N .) (N .) (N .) (S 4 2) (N .) (N .) (N .)]

[(N .) (N .) (N .) (N .) (N .) (S 4 3) (N .) (N .)]

[(N .) (N .) (S 4 2) (N .) (N .) (N .) (N .) (N .)]]]

The expression pattern with this rule is shown in Display 1. Note that there is no threshold

of 0. No threshold of 0 as the low er limit means every protein must hav e at least one activ ator;

no relation can b e written only with repression.

4.2 T rimming Branc hes

Rule 3

[ID EVAL [[hb 10 1 [[(A) (R) (N) (R) () () ]]]

[Kr 10 1 [[() () () (N) (R) (R) ]]]

[kni 10 1 [[() () (R) (R) (N) (R) ]]]

[gt 10 1 [[() () () (R) (R) (N) ]]]]]

Their prediction contains repressing and activ ating p ow er, as well as di�using, decaying, and

pro ducing rate of proteins. After having computed quantitative biological data, they drew qual-

itativ e relationship among proteins. F or example, they found that even{skipp e d (eve) protein

hardly di�uses.

Our approach is di�erent though our aim is the same. W e assume qualitative result can b e

dra wn from qualitative input. As for the previous example, the fact eve protein hardly di�uses

is clear from the sharpness of 7 strip es. (If it should di�use, the b orders of strip es must blur.)

W e uses only qualitative data: spatial relationship among proteins. With this abstraction,

ho wev er, we hav e to give up simulating temp oral order of strip e formation and the width of

strip es. Though there are drawbac ks that di�using and pro ducing rate are ignored, we b elieve

that still muc h to see remain in the qualitative result.

4 Sim y2

In Simfl y [1], relation among proteins, activ ation or repression, were sp eci�ed in adv ance, and

the simulator searched intensities of regulators (threshold v alues) only

. The v ast search space

hindered us to chec k every regulatory relation. T o ov ercome this problem, Simfl y2 employs

GA. Abstraction of proteins is almost the same as Simfl y. Pro duction rate is �xed to 1 unit for

all the proteins. Di�usion rate is �xed for each hierarch y: maternal{e�e ct, gap, and p air{rule.

F or e�ciency

, new version has decaying rate (no \lifetime" as in Simfl y); in each time step

for all the proteins, 20 % of the total amount is deleted. This shortcut do es not change the

maxim um amount of protein in Simfl y. W e con�rmed, by chec king each pattern pro duced in

Simfl y2, that this shortcut made little change in the simulated pattern.

4.1 Threshold Mo del

Eac h protein is activ ated by

, repressed by

, or not related with other proteins. These relations

are represented with tw o inequalities as in describ ed in Intro duction. Two threshold v alues

range integers from 0 to 5. An example for gap proteins are shown b elow.

Rule 1

bcd caudal hb Kr kni giant

[[hb 25 4 [[(A 2) (N .) (N .) (R 3) (N .) (N .) ]]]

[Kr 25 4 [[(N .) (R 3) (N .) (N .) (R 4) (R 2) ]]]

[kni 25 4[[(N .) (S 4 1) (R 3) (R 4) (N .) (N .) ]]]

[gt 25 4 [[(N .) (N .) (N .) (R 4) (R 2) (N .) ]]]]

Tw o integers right after protein names sp ecify di�usion constants. These v alues do not change

in the course of simulation. According to threshold v alues, there are four typ es of relations.

S: Squelching. Next tw o integers are the threshold of b oth the upp er and the lower limit.

A: Activ ation. The threshold of the upp er limit is alwa ys 5 (max-threshold).

R: Repression. The threshold of the low er limit is alwa ys 0 (min-threshold).

2 P air{rule Proteins

The pro cess of segmentation in Dr osophila blasto derm pro ceeds in a hierarchical manner in

whic h the middle part of an embry o is stepwise divided into 14 segments. Segmentation starts

with lo calized activities of maternal determinants: bic oid (b c d) in the anterior p ole, and nanos

(nos), oskar, and c audal in the p osterior. Anterior zygotic proteins including hunchb ack (hb)

and Kr � upp el (Kr) are activ ated by b c d, while p osterior knirps (kni) and giant (gt) are activ ated

b y c audal [7]. These four zygotic proteins as well as tail less, hackb ein and three others are

called gap proteins and are regulated by one another. The relation among these proteins

are not completely clari�ed; hb, Kr, kni, gt are known to repress with one another in high

concen tration, but Kr and hb activ ate kni and Kr resp ectively in low concentration [3, 9, 10].

These �ne gap tunings are the result of co op erative regulation of proteins.

Figure 1: Segmentation

There are tw o steps in making p air{rule pattern. Primary genes including even{skipp e d

(eve), hairy, runt are regulated by gap proteins, and are resp onsible for the secondary genes

including fushi{tar azu. Here, tw o protein pairs, hairy against runt and eve against fushi{tar azu,

complemen tarily emerge and form 7 strip es each. These pairs are exp ected to repress mutually .

The regulation mechanism is little clear [2, 6, 8], but these observ ations show primary p air{

rule genes are co op eratively activ ated or repressed by neighb oring gap proteins. What we wan t

to know is following asp ects.

� Are gradients of only gap proteins enough for the primary p air{rule activ ation?

� Do es each strip e has its own enhancing region?

3 Related W ork

Reinitz and Sharp [5] hav e done a go o d work on the same sub ject; they used di�erential equa-

tions and determined the parameters among gap and p air{rule proteins by simulated annealing.

The crispness of the GS, often understandably denoted using a sigmoidal curve, dep ends on

the concentration of the proteins and the sensitivity of DNA sites. As the primary approxima-

tion instead of complex interaction at the molecular level, we consider only proteins, and no

DNAs or RNAs. More sp eci�cally

, only amounts of proteins are considered. F ollo wing is the

basic interaction scheme in our mo del.

if Threshold � > amount(A) > Threshold � then create(B)

A, B proteins

�, � threshold-amounts of proteins

With these thresholds, we can describ e following regulations.

Activ ation

if amount(A) > Threshold � then create(B)

Repression

if Threshold � > amount(A) then create(B)

Comp etition and Co op eration

if amount(A) > (<) Threshold � or / and

amount(B) > (<) Threshold � then create(C)

W e applied our threshold mo del to an embry o of a fruit- y

. The embry onic segmentation of

Dr osophila melano gaster is famous for b eing regulated by complex genetic netw ork (interaction

among proteins), but its mechanism of interaction is little known, leaving most part to b e

elucidated in molecular biology

. The prediction of this relationship would b e a great help in

determining the direction of biological exp eriments.

Last year we built Simfl y, a simulator for chec king and predicting relation among proteins,

as well as for the grasp of expressive p ow er of our threshold mo del. W e simulated the relation

among gap proteins using exhaustive search, and found the following result.

� The repressive p ow er of Kr and kni proteins against gt are greater than that of gt protein

against these.

This result assumes that these three gap proteins only repress with one another, an assumption

whic h is hardly true in a real embry o. W e had to consider other cases in which each protein

has its activ ation site. W e also wan ted to further simulate p air{rule protein stage, formation

of 7 strip es after gap protein stage. But, there was a problem: immensely v ast search space.

This time, we employ ed genetic algorithm (GA) for the search and found the seemingly go o d

relation among p air{rule proteins and gap proteins.

In the next section how the embry o of Dr osophila develop es is brie y describ ed. In Section

3, a related simulation of this embry ogenesis is intro duced and compared with our mo del. In

section 4, our Simfl y2 system { what threshold mo del is, how GA is used, and what result

is obtained { is explained. The last section is allo cated for discussion, current problems, and

future work. After Conclusion, some rule patterns obtained by our system are describ ed in

App endix.

� �2: Sim ulation of a Fly Em bry o

Masanori Arita

arita@is.s.u-tokyo.ac.jp

Department of Information Science, Graduate Sc ho ol of Science,

Universit y of T oky o

7-3-1 Hongo Bunkyo-ku T oky o 113 Japan

Abstract

Biolo gic al analysis of se gment formation in Dr osophila embryo genesis pr ovides a go o d

gr ound for mo del ling inter action of DNA-binding pr oteins. In this p ap er, we pr op ose

thr eshold mo del for qualitative simulation of the inter action, and intr o duc e Simfl y2. This

r evise d version of Simfl y, a simulator for pr otein inter action, inte gr ates genetic algorithm

for the se ar ch of optimal r elations among pr oteins. We c on�rme d that Simfl y2 did �nd

the r elation we had found last time in Simfl y by exhaustive se ar ch. Simfl y2 also found

inter action mo dels b etwe en two p air{rule pr oteins and gap pr oteins.

1 In tro duction

Man y DNA-binding protein molecules are said to hav e a symb olic function resembling a digital

switc h; they can turn on or o� the activ ation of other protein molecules. In literature, the

function of this genetic switch (GS) is characterized as activ ation, repression, or squelching [4].

This intuitiv e classi�cation shows that GS works with crisp resp onse, not with gradual or

di�eren tial reaction. With this p ersp ective exaggerated to the extreme, the function can b e

mo delled with Bo olean logic. How ev er, quantitativ e features such as the concentration of

regulatory molecules and their kinetic parameters let them act not the simple switch with on

and off, but the multi-lev eled volume switch. Then, what mo del instead of Bo olean logic would

b e appropriate for this volume switch? So far, some enzyme reactions hav e b een successfully

describ ed with di�erential equations. In most reactions, how ev er, only qualitative relation is

kno wn and quantitativ e parameters are totally unknown. So we need more qualitative, intuitive

mo del than the mo del with di�erential equations. Simple, yet elo quent mo del is the one we

desire. In this pap er we intro duce \threshold mo del" for the qualitative simulation of this

v olume GS.

� �: � � 113 � 7-3-1