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2.5.2012
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Princip modelováńı
Substráty – molekuly

� populace interaguj́ıćıch molekul

� každou molekulu (proteinu) lze popsat stavově
� stav zachycuje konfiguraci vazebných ḿıst
� volná vazebná ḿısta
� vazebná ḿısta obsazena jinou molekulou (dimerizuj́ıćı stavy)

� formalizace prosťrednictv́ım sekvenčńıho procesu:

MEK

MEKp MEKpp
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Princip modelováńı
Interakce

MEK

MEKp MEKpp

?p1

?d1

?p2

?d2

PPb

PPf

procE procMEK procPP

Ef

Eb

!p1 !d1

� paralelńı chováńı proces̊u (molekul)

� binárńı synchronizace

� roztok lze modelovat jako populaci proces̊u:

procMEK |procMEK |procE |procE |procE |procPP |procPP
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Molekuly jako komunikuj́ıćı automaty

individuálńı p̌rechody a synchronizace lze modelovat stochasticky
(provedeńı p̌rechodu v čase t ∼ Exp(ri ))
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Molekuly jako komunikuj́ıćı automaty
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Elementárńı reakce jako komunikuj́ıćı automaty
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Elementárńı kalkulus pro popis (bio)chemických systém̊u
Syntax

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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Př́ıklad
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Elementárńı kalkulus pro popis (bio)chemických systém̊u
Sémantika

⇒ !x .P + M
!x−→ P

⇒ ?x .P + M
?x−→ P

⇒ τr .P
r−→ P

P
!x−→ P ′ Q

?x−→ Q ′⇒ P|Q x−→ P ′|Q ′

M
α−→ P ′ ⇒ π.P + M

α−→ P ′

P
α−→ ⇒ P|Q α−→ P ′|Q

X = P P
α−→ P ′ ⇒ X

α−→ P ′

SOS pravidla definuj́ı fragment stochastického π-kalkulu
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Rozš́ıřeńı o předáváńı hodnot
Syntax

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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Rozš́ıřeńı o předáváńı hodnot
Sémantika

⇒ !x(n).P + M
!x(n)−→ P

⇒ ?x(m).P + M
?x(m)−→ P{n/m}

⇒ τr .P
r−→ P

P
!x(n)−→ P ′ Q

?x(n)−→ Q ′ ⇒ P|Q x−→ P ′|Q ′

M
α−→ P ′ ⇒ π.P + M

α−→ P ′

P
α−→ ⇒ P|Q α−→ P ′|Q

X (m) = P P{n/m}
α−→ P ′⇒ X (n)

α−→ P ′

SOS pravidla definuj́ı fragment stochastického π-kalkulu
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Př́ıklad modelováńı genetické regulačńı śıtě

Gene(a, b) = τt .(Gene(a, b)|Protein(b))+?a.Blocked(a, b)
Blocked(a, b) = τu.Gene(a, b)

Protein(b) =!b.Protein(b) + τd .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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Př́ıklad modelováńı genetické regulačńı śıtě

Gene(c, a)|Gene(a, b)|Gene(b, c)
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High-level modelováńı
C. elegance
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High-level modelováńı
C. elegance: vývoj vulvy
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High-level modelováńı
C. elegance: možné varianty signálńıch drah

LIN3 ... signál od ř́ıd́ıćı buňky (anchor cell, AC)
LIN12 ... laterálńı mezibuněčný signál
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High-level modelováńı – interaguj́ıćı buňky
Vývoj vulvy C. elegans

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 modelováńı – interaguj́ıćı buňky
Vývoj vulvy C. elegans

x ... č. buňky, l , r ... kanály laterálńıho signálu,

k ... vzdálenost 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 modelováńı – interaguj́ıćı buňky
Vývoj vulvy C. elegans

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 modelováńı – interaguj́ıćı buňky
Vývoj vulvy C. elegans – podrobný model

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 modelováńı – interaguj́ıćı buňky
Vývoj vulvy C. elegans – podrobný model

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 modelováńı – simulace
Vývoj vulvy C. elegans
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Kalkuly pro biologické systémy

� Stochastic π-calculus (SPiM, BioSPI)

� BioPEPA

� κ-calculus

� Brane-Calculus, BetaBinders, BlenX

� ...
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BioPEPA

� na rozd́ıl od π-based kalkul̊u je BioPEPA orientovaný bĺıže
SBML

� rozlǐseńı neńı až na úroveň molekul, ale na úroveň substrát̊u a
reakćı
⇒ proces neńı molekula, ale substrát

� výhodou je kompatibilita sémantik s SBML (srovnej s Petriho
śıtěmi)

� možnost plného modelováńı netriviálńı kinetiky (nap̌r.
regulace, enzymová kinetika)
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BioPEPA – př́ıklad

2S → P; E

S = (α, 2) ↓ S
E = (α, 1)⊕ E
P = (α, 1) ↑ P

(S(IS0) onα (E (IE0)) onα P(IP0))

Sémantika dynamiky je definována pravidlem fα = v ·E ·S
K+S2 .
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BioPEPA – syntax
Algebra modelových komponent

S ::= (α, k) op S | S + S | C

op =↓ | ↑ | ⊕ | 	 |�

P ::= P onL P | S(I )

� L je množina reakćı

� I je iniciálńı podḿınka
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BioPEPA – syntax
Definice elementárńıch komponent – substráty

Každá komponenta C je charakterizována 5-tićı 〈H,N,M0,M,V 〉,
kde:

� H ∈ R+ je rozlǐseńı kvantity (velikost jedné “úrovně”
koncentrace),

� N ∈ N je maximálńı hodnota kvantity,

� M0 ∈ R+ ∪ { } je iniciálńı koncentrace,

� M ∈ R+ ∪ { } je maximálńı koncentrace,

� V označuje kompartment do něhož je komponenta p̌rǐrazena.

Pozn. (1): znač́ı “nedefinovanou hodnotu”
Pozn. (2): M,M0 jsou uvedeny pro kalibraci se spojitým modelem.
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BioPEPA – syntax
Definice elementárńıch komponent – substráty

� diskretizace koncentrace pomoćı úrovńı stejné délky (v počtu
molekul)

� diskrétńı sémantika tedy umožňuje kalibraci se spojitou
(aproximace)

� počet úrovńı pro komponentu Ci je Ni + 1, kde Ni je max.
úroveň

� plat́ı: Ni = dMi
h e

� pro aktuálńı úroveň 0 ≤ li ≤ Ni je koncentrace definována
vztahem xi = li · h
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BioPEPA – definice biologického procesu

BioPEPA systém je šestice 〈V,N ,K,FR ,Comp,P〉 kde:

� V ... množina kompartment̊u,

� N ... množina kvantit popisuj́ıćıch substráty,

� K ... množina definic parametr̊u,

� FR ... množina definic dynamiky,

� Comp ...definice komponent,

� P ... komponenta popisuj́ıćı systém.
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BioPEPA – sémantika

� každá akce α má p̌rǐrazenu kinetickou funkci fα nad
kvantitami substrát̊u

� kvantity substrát̊u jsou určeny z kontextu akce α

� kinetické funkce mohou obsahovat kinetické parametry, které
muśı být asociovány v K

� p̌ŕıklady typů kinetických funkćı:
� fMA(k) = k ·

∏nj

i=1(Ci )
κi kde nj je počet reaktant̊u reakce αj a

κi je p̌ŕıslušný stechiometrický koeficient reaktantu Ci

� fH(v ,K , n) = v · C n/(K + C n) je Hillova kinetika
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BioPEPA – operačńı sémantika

Předpokládáme C spočetná množinu zahrnuj́ıćı všechny možné
modelové komponenty.

BioPEPA systém má asociovánu stochastickou sémantiku, která je
definována prosťrednictv́ım odvozuj́ıćı relace →c⊆ C × Ω× C, kde
θ ∈ Ω vyjaďruje kvantitativńı informaci poťrebnou k vyhodnoceńı
kinetické funkce,

θ := (α,w)

kde w := [S : op(l , κ)] | w@w , S ∈ C, l hodnota kvantity
komponenty S , κ stechiometrický koeficient komponenty S v α.

Relace →c je definována jako minimálńı relace splňuj́ıćı pravidla na
násl. slidu.
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BioPEPA – odvozuj́ıćı relace
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BioPEPA – stochastická sémantika

Stochastická sémantika BioPEPA systému je určena relaćı:

→s⊆ P × Γ× P

kde γ ∈ Γ, γ := (α, rα), rα ∈ R+ určuje parametr exponenciálńı
distribuce události v čase (rate).
Relace →s je definována pomoćı pravidla:

kde

rα[w ,N ,K] =
fα[w ,N ,K]

h

� h je velikost kroku

� fα[w ,N ,K] znač́ı kin. funkci fα vypoč́ıtanou v p̌ŕısl. kontextu
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BioPEPA – stochastická sémantika

Evaluace f [w ,N ,K]:

� pro každou komponentu Ci je odvozena koncentrace li · h
� volný výskyt Ci je nahrazen (li × h)κij , kde κij je

stechiometrický koeficient substrátu Ci v reakci Rj

� pozn.: pro h = 1 a vhodné omezeńı kinetických funkćı
dostáváme p̌ŕımou stochastickou sémantiku (relace →s

definuje CTMC, který bychom źıskali interpretaćı stochastické
Petriho śıtě odpov́ıdaj́ıćı BioPEPA systému)
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BioPEPA – př́ıklad

Uvažujme reakci α : 2X + Y
k→ 3Z . Kinetika je definována funkćı

v = k · X 2 · Y . Definujeme komponenty BioPEPA:

Reakčńı systém je definován:

X (lX0) on{α} Y (lY0) on{α} Z (lZ0)

kde lX0 , lY0 , lZ0 znač́ı iniciálńı úrovně koncentrace, kin. funkce je
definována fα = fMA(k).
Pro reakci bude odvozeńım stochastické sémantiky vypoč́ıtán rate

rα =
k · (lX · h)2(lY · h)

h

Reakce bude provedena pouze v situaci: NX je nejméně 3, NZ je
nejméně 4.
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κ-calculus

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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