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Algebraicky pristup k modelovdni biochemickijch reakci
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Princip modelovani
Substrdty — molekuly

e populace interagujicich molekul
e kazdou molekulu (proteinu) lze popsat stavové

e stav zachycuje konfiguraci vazebnych mist
e volnd vazebna mista
e vazebnd mista obsazena jinou molekulou (dimerizujici stavy)

GO &0 020,

e formalizace prostfednictvim sekvenéniho procesu:

MEK
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Princip modelovani
Substrdty — molekuly

e populace interagujicich molekul
e kazdou molekulu (proteinu) lze popsat stavové

e stav zachycuje konfiguraci vazebnych mist
¢ volnd vazebnd mista
e vazebnd mista obsazena jinou molekulou (dimerizujici stavy)

20 E-O— 020,

e formalizace prostfednictvim sekven&niho procesu:

requires requires
phosporylating ? | dephosporylating
enzyme — enzyme
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Princip modelovani

Interakce

procE procMEK procPP

e paralelni chovéni procest (molekul)
e bindrni synchronizace

o roztok Ize modelovat jako populaci procesi:

procmek | procmex | proce| proce| proce| procpp|procpp
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Molekuly jako komunikujici automaty

individudlIni pfechody a synchronizace Ize modelovat stochasticky
(provedeni pfechodu v &ase t ~ Exp(r;))
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Molekuly jako komunikujici automaty

O Delay O

@r * : @r
@r H

é Current States é

Interaction

al< i) la # 7a la
or @r
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@
o rg
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Elementarni reakce jako komunikujici automaty

@,. Ao A

a.(wr A+B =T A'+B’

A+A ST A+A"
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Elementdrni kalkulus pro popis (bio)chemickych systéma
Syntax

E:=0:X=ME Reagents
M:=0:ntP&M Molecule

P:=0:XIP Solution
L= T ¢ My ¢ Ing Interaction prefix
CGF = EP Chemical Ground Form

Andrew Phillips, Luca Cardelli, and Giuseppe Castagna, A Graphical Representation for Biological Processes in the Stochastic
Pi-calculus, in Transactions in Computational Systems Biology, vol. 4230, pp. 123-152, Springer, November 2006



LGEBRAICKY PRISTUP K MODELOVANI BIOCHEMICKYCH REAKCI

Priklad

XIXIXTYTY
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Elementdrni kalkulus pro popis (bio)chemickych systéma

Sémantika

= IxP+ M2 P

= %P+ M P

=71.P P
PP Q5 Q=PQ-PIQ
M - P! =rP+M-"5 P
P2, = P|Q % P|Q
X=P PSP =X-25P

SOS pravidla definuji fragment stochastického 7-kalkulu
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Rozsireni o predavani hodnot
Syntax

E :@=0: X(p)=M, E Reagents
M:x=0:mP®M Molecule
P

0:X(p)!IP Solution

T o= Ty 2 np) i In(p) Interaction prefix

CPF := EP Chemical Parametric Form

Andrew Phillips, Luca Cardelli, and Giuseppe Castagna, A Graphical Representation for Biological Processes in the Stochastic
Pi-calculus, in Transactions in Computational Systems Biology, vol. 4230, pp. 123-152, Springer, November 2006
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Rozsireni o preddvdani hodnot

Sémantika

= x(n).P+ M p

?7x(m)
:>?x(m).P+ M — P{n/m}
=7.P P

prp @™ g S piQ S PQ
M- P! =mP+M-"5 P
P = PIQ - P|Q

X(m)=P Pyym — P'=X(n) = P

SOS pravidla definuji fragment stochastického 7-kalkulu



ALGEBRAICKY PRISTUP K MODELOVAN{ BIOCHEMICKYCH REAKCT

Priklad modelovani genetické requlacni site

31 E.h

Gene(a, b) = 7¢.(Gene(a, b)|Protein(b))+?a.Blocked(a, b)
Blocked(a, b) = 7,.Gene(a, b)
Protein(b) =!b.Protein(b) 4 74.0

Ralf Blossey, Luca Cardelli, and Andrew Phillips, A Compositional Approach to the Stochastic Dynamics of Gene Networks,
in Transactions in Computational Systems Biology, vol. 3939, no. 3939, pp. 99-122, Springer, January 2006
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Priklad modelovani genetické requlacni site

Tl
leal

Gene(c, a)|Gene(a, b)| Gene(b, ¢)
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High-level modelovant

C. elegance

Distal gonad

Proximal gonad

IntroFig1
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High-level modelovant

C. elegance: vyjvoj vulvy
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High-level modelovant

C. elegance: vyjvoj vulvy

Q Anchor Cell

L3
P3.p P4.p P5.p P6.p P7.p P8.p
Vulval Precursor Cells (VPCs)
L3
32 35
L3 Molt

hyp? hyp7 hyp7 hyp?
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High-level modelovant

C. elegance: mozné varianty signdlnich drah

LIN-3
LET 23 (—Ln\z:—w LET-23
( —) DSI.-)LIN 12 j Dsll. LN-12 1

2°¢— LIN lZ(— DsL LIN-12 DSL 2°

LIN-3
/—I.ET-ZJ I.ET 23 LET-23——
1 -—-) DSL-)LIN u } DSL—L|N- |z
20— I.IN u» DSI.)g LIN- |z us._
LIN-3
——LET-23 LET-23 LET-23——
o —3 DSL-)LIN u\' ) psL L[N-12
» \I.IN -12 ¢~ DSI. LIN- ‘|2 DSL

LIN3 ... signal od ¥idici bunky (anchor cell, AC)
LIN12 ... laterdIni mezibuné&ény signal
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High-level modelovdni — interagujici bunky
Vyvoj vulvy C. elegans

inductive signal
| Pip Pdp Pip Ph.p Pip Pip
Pap Pdp Psp - Plp Pip
2. o
lateral signal

3.
4.

Andrew Phillips, A Visual Process Calculus for Biology, in Symbolic Systems Biology: Theory and Methods, Jones and Bartlett
Publishers, 2010.
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High-level modelovdni — interagujici bunky
Vivoj vulvy C. elegans

V3(x)

AC = ae. AC
Vie e k) = ac- kV1(x L r) + LV2(x) + . V2(x) + wV3(x)

Vel r) = LV{axdr)+7V1(x 1)

X ... & bunky, I, r ... kandly laterdlniho signdlu,
k ... vzddlenost od AC (frekvence interakce s AC)

Andrew Phillips, A Visual Process Calculus for Biology, in Symbolic Systems Biology: Theory and Methods, Jones and Bartlett
Publishers, 2010.
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High-level modelovdni — interagujici bunky
Vivoj vulvy C. elegans

7\\1&1 uc-}\gh uc-miuc-low
v v v v v v

s4 55 50 s7 s8
3 4 5

aclow  aclow

o
-
=

AC | V(3, 83, 4, low) | V(4. 84,85, low) | V(5, $5, s6, med)

| V(6. 86, sT, high) | V7,87, 88, med) | V(8,s8, 59, low)

Andrew Phillips, A Visual Process Calculus for Biology, in Symbolic Systems Biology: Theory and Methods, Jones and Bartlett
Publishers, 2010.
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High-level modelovdni — interagujici bunky
Vyvog vulvy C. elegans — podrobny model

e 0l
¥ L

Andrew Phillips, A Visual Process Calculus for Biology, in Symbolic Systems Biology: Theory and Methods, Jones and Bartlett
Publishers, 2010.
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High-level modelovdni — interagujici bunky
Vyvog vulvy C. elegans — podrobny model

Viz,l,r k) = (vul,vl, 03,03, linl2, muw)
( gVul(z. L or,oul, muv, k) | gLinl12(x, lin12,01,03,1.7)
| gV1(z vl 02, vul) | gV 2(z, 02, linl2) | gV 3(x, 03, vul) | Muv(z, muwv))
< k(gVaul(z, L rooul, muv, k) | Val(z, L r, vul, muw))
gLinl2(x linl2, vl v3,{,v) = L{gLinl2(x, linl2, v], v3, L v) | Linl2(x, linl2, v1,03)
+ r.(gLlinl2(x, linl2, vl v3, L r) | Linl2(x, linl2, vl, ©3)
vul (gV1{z, vl 02, vul) | V1(z, vl,02))

gVul(z, L r,vul, muv, k) = ac

gV 1(x,vl, 02, vul
gV2(xr, v2, linl2
gV 3z, v3, vul

Linl2. (gV2(x,v2, linl2) | V2(x,v2))
w. (gV 3(x,v3,vul) | V3(x,v3,vul))

Vul(x, L, v, vul, muw LVaul(z,l,rvul, muv) + 7.V ul (z, L r, vul, mav) + vl + muw

)=

)=

)=

)=

Linl2(x, linl2,vl,43) =
Muw(z, muv) =

Vi(z, vl,02) =
(x,v2) =

)=

Va(x, v3, vul

Andrew Phillips, A Visual Process Calculus for Biology, in Symbolic Systems Biology: Theory and Methods, Jones and Bartlett

Publishers, 2010.

linl2. Lin12(z, lin12,v1,v3) + v3 + vl
. Muw(x, muwv)

PLV1(z,vl,02) + 2 +dV1

w2V 2z, v2) +dV2

©3.V3(x, v3, vul) + vul +dV3
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High-level modelovdni — simulace
Vyvoj vulvy C. elegans
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Kalkuly pro biologické systémy

Stochastic m-calculus (SPiM, BioSPI)
BioPEPA
k-calculus

Brane-Calculus, BetaBinders, BlenX
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BioPEPA

e na rozdil od m-based kalkuld je BioPEPA orientovany blize
SBML

e rozlideni neni aZ na drovefi molekul, ale na Uroveii substratu a
reakci
= proces neni molekula, ale substrat

e vyhodou je kompatibilita sémantik s SBML (srovnej s Petriho
sitémi)

e moZnost plného modelovani netrividlni kinetiky (nap¥.
regulace, enzymova kinetika)



ALGEBRAICKY PRISTUP K MODELOVAN{ BIOCHEMICKYCH REAKCT

BioPEPA — priklad

25— P; E

(,2) | S
(v, 1)® E
(0, 1) TP

)
E
P

(5(/sp) ™o (E(/E,)) Xa P(lpy))
v-E-S

Sémantika dynamiky je definovana pravidlem f, = Ko
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BioPEPA — syntax

Algebra modeloviyjch komponent

S:=(a,k)opS|S+S|C
op=l|T]®|e]O
P:=PwxgP|S(])

e L je mnoZina reakci

e | je inicidlni podminka
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BioPEPA — syntax

Definice elementdarnich komponent — substrdty

Kazdd komponenta C je charakterizovéna 5-tici (H, N, My, M, V),
kde:

e H € RT je rozligeni kvantity (velikost jedné “Grovn&”
koncentrace),

e N € N je maximalni hodnota kvantity,

e My € RT U{_} je inicidlni koncentrace,

e M e RT U{_} je maximaIni koncentrace,

e V oznaluje kompartment do néhoZ je komponenta pfifazena.

Pozn. (1): _ zna& “nedefinovanou hodnotu”
Pozn. (2): M, My jsou uvedeny pro kalibraci se spojitym modelem.
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BioPEPA — syntax

Definice elementdarnich komponent — substrdty

e diskretizace koncentrace pomoci trovni stejné délky (v poctu
molekul)

o diskrétni sémantika tedy umoziiuje kalibraci se spojitou
(aproximace)

e pocet trovni pro komponentu C; je N; + 1, kde N; je max.
roven

o plati: N; = [%1]

e pro aktudlni droven 0 < [; < N; je koncentrace definovdna

vztahem x; = [; - h
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BioPEPA — definice biologického procesu

BioPEPA systém je Zestice (V, N, K, Fr, Comp, P) kde:
e ) ... mnozina kompartmentd,
e N ... mnoZina kvantit popisujicich substraty,
e IC ... mnozina definic parametri,
e Fr ... mnozina definic dynamiky,
e Comp ...definice komponent,

e P ... komponenta popisujici systém.
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BioPEPA — sémantika

e kazda akce o ma pf¥ifazenu kinetickou funkci £, nad
kvantitami substratl
o kvantity substratli jsou uréeny z kontextu akce «
e kinetické funkce mohou obsahovat kinetické parametry, které
musi byt asociovany v K
e priklady typl kinetickych funkci:
o fMA(k) = k- T]",(G)" kde n; je polet reaktant(i reakce «; a
K; je p¥isluiny stechiometricky koeficient reaktantu C;
e fH(v,K,n)=v-C"/(K + C") je Hillova kinetika
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BioPEPA — operacni sémantika

P¥edpokladdme C spoletnd mnoZinu zahrnujici vSechny mozné
modelové komponenty.

BioPEPA systém ma asociovdnu stochastickou sémantiku, ktera je
definovdna prost¥ednictvim odvozujici relace —.C C x Q x C, kde
0 € Q vyjadfuje kvantitativni informaci potfebnou k vyhodnoceni
kinetické funkce,

0= (o, w)

kde w :=[S : op(/, k)] | w@w, S € C, | hodnota kvantity
komponenty S, x stechiometricky koeficient komponenty S v a.

Relace — je definovdna jako minimalni relace spliiujici pravidla na
nasl. slidu.
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BioPEPA — odvozujici relace

(@ls:Lao)

prefixReac (e, )SI) ——.S(l-x) k<IN
. (@ls:Tax)
prefixProd (e, YIS ———. S +4) 0<I<(N-k)
prefixMod (@) opSHD) 2D, ¢y withop = 0,@,6and 0< < N
@) o, (W) oy
. S —. S ) Sa(h) = S5
choicel B e S— choice2 ———m— ——
(8, + 5200 25 510 1 +520 25, 550
((v,.\":|t)j}([¢<)])
S() ————. ' e f
constant M with C "=r S
(@.C:[op(l.x;
o) LEeID, ey

Py —, P,
coopl e with o ¢ £
PP, — pBEP,
r e

A
coop2 e withaw ¢ £
Py PP, — P P

(@wp) (@)
Py ——. P Pp—> P
coop3 witha € L
(@w @wy) ,
P3P, - Py BAP,
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BioPEPA — stochastickd sémantika
Stochastickd sémantika BioPEPA systému je urena relaci:
—sCPxIxP

kde y €T, v:= (a,ra), ra € RT uréuje parametr exponencialni
distribuce udalosti v &ase (rate).
Relace — je definovdna pomoci pravidla:

(ajw)

BNy

Final p”
(aj,r[w.NKT)
(V,N,K,F,Comp, P)———"5 (V,N,K,F,Comp, P’

de fulw, N, K
ra[W>NalC] = OZ[W7h 7 ]
e h je velikost kroku

e fo[w, N, K] zna&i kin. funkci f, vypolitanou v p¥isl. kontextu
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BioPEPA — stochastickd sémantika

Evaluace f[w, N, K]:

e pro kazdou komponentu C; je odvozena koncentrace /; - h

¢ volny vyskyt C; je nahrazen (/; x h)"i, kde kj; je
stechiometricky koeficient substrdtu C; v reakci R;

e pozn.: pro h =1 a vhodné omezeni kinetickych funkci
dostdvame pfimou stochastickou sémantiku (relace —
definuje CTMC, ktery bychom ziskali interpretaci stochastické
Petriho sité odpovidajici BioPEPA systému)
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BioPEPA — priklad

Uvazujme reakci o : 2X + Y k37, Kinetika je definovana funkci

v =k-X?-Y. Definujeme komponenty BioPEPA:

X2 (@)X YZ(@ DY ZZ(31Z
Reakéni systém je definovan:

X(Ixy) ®qay Y(lvy) Xy Z(lz,)

kde Ix,, ly,, Iz, zna&i inicidlni drovné koncentrace, kin. funkce je

definovana f, = fMA(k).

Pro reakci bude odvozenim stochastické sémantiky vypoditan rate
k- (Ix-h)?(ly - h)

fo = P

Reakce bude provedena pouze v situaci: Nx je nejméné 3, N7 je
nejméné 4.
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Kk-calculus

o visible site

®  hidden site
® bound site

Laneve, C. and Tarissan, F. 2007. A Simple Calculus for Proteins and Cells. Electron. Notes Theor. Comput. Sci. 171, 2 (Jul. 2007), 139-154.
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