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CoSBiLab

º What we do at CoSBi

· In-silico lab to support modeling through refinement

º Modeling tools at work

· specification

· simulation

· analysis/validation

· refinement
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Specification
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Fuzzy pairing in biology

Observed biological phenomena
Åprotein interactions
ÅDNA binding

Ffuzzy matching, variable affinity

Computer science
Åinteractions occur as communications 

on a channel

Fexact matching name/co-name

Key-Lockmodel
1 key opens 1 lock

Master-Key model
1 key opens a set of locks
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BlenX

Biological transformations as interactions of bio-processesequipped with 
affine binders
Åbio-processes inspired to pi-calculus
Åtyped binders, affinity defined between type pairs

One box, intuitively

Typed interaction sites Kernel of the box: two main 
processes running in parallel

Message_Handler: manages 
interaction protocols between 
boxes

Interface_Handler: manages the 
modifications of the typed 
interaction sites

Message_Handler|| Interface_Handler
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Language flavor

let P : pproc= x?(m).y!(m).z!(m).nil;

let

let P : pproc= x?(m).y!(m).z!(m).nil;

let Box : bproc = #(x,A),#(y,B),#(z,C)[ P ];

Internal
process

Binders

Stochastic
Åeach interaction happens in a random time
Åthe average time of interaction is determined by the affinity
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The BlenX language: elementaryreactions

Monomolecular reaction

IEPin
IEP

P
SpeciesSpecies

Domain
Internal
behaviour

Interaction
capabilities

Cdk

CycB

Cdk

CycB

Complexation

Dom1:IEP_A

P change(Dom1, IEP_IN).P 

IEPIEP

change

Dom1:IEP_IN

IEPIEP

Dom1:CycB_A Dom2:Cdk_A

complex
P 

CycBCycB

Q 

CdkCdk

Dom1:CycB_A Dom2:Cdk_A

P 

CycBCycB

Q 

CdkCdk
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The BlenX language: abstractreactions

Enzymatic activation

Cdc20Cdc20in Cdc20Cdc20

IEP

Cdk

CycBCycB

Cdh1

Regulated degradation

inter

Dom1:Cdh1_A Dom2:CycB_A Dom1:Cdh1_A

P 

Cdh1Cdh1

Dom2:CycB_A

die 

CycBCycB

Dom1!().P 

Cdh1Cdh1

Dom2?().die

CycBCycB

inter

Dom1:IEP_A

Dom1!().P 

IEPIEP

Dom2:Cdc20_IN

Dom2?().Q 

Cdc20Cdc20

Dom1:IEP_A

P 

IEPIEP

Dom2:Cdc20_A

Q 

Cdc20Cdc20

P
SpeciesSpecies

Domain
Internal
behaviour

Interaction
capabilities
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Dynamic creation of entities

ºBiological compounds have sitesof interaction
· multiple sites can be present in the same entity 

· bindings occur reversibly between 2 affine sites

· complexes of biological components can assembly without  a 
precise order and can result in different topological structures 

· example: protein C has 2 sites, both affine to 2 sites of protein W

· It may be cumbersome or even impossible to specify such a behaviors 
in many modeling formalisms

How many 
structures 
can form?

CW C WC
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Simulation
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Intrinsic discreteness 

º The truly molecular nature of biological interaction was considered 
hardly tractable

· tracking single molecules  state, location and movement is indeed 
quite heavy from a computational point of view

º In 1976, D. T. Gillespie

· proved that  the evolution of a well-stirred biochemical system can be 
represented as a Markov process

· provided a very simple and extremely efficient simulation algorithm for 
computing realizations of such process

ºDƛƭƭŜǎǇƛŜΩǎ ŀƭƎƻǊƛǘƘƳ ό{{!ύ ǇŀǾŜŘ ǘƘŜ ǿŀȅ ŦƻǊ ŀ ƴǳƳōŜǊ ƻŦ ŘƛǎŎǊŜǘŜ 
modeling approaches
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Direct method (1976)

º Model

· N species, M reactions

· ·όǘύ ǊŜǇǊŜǎŜƴǘ ǘƘŜ ǎǘŀǘŜ ƻŦ ǘƘŜ ǎȅǎǘŜƳ ŀǘ ǘƛƳŜ ǘΣ ǘҗл όŀ ǎǘƻŎƘŀǎǘƛŎ ǇǊƻŎŜǎǎύ

º Given X(t)=x , the probability that the next reaction happens in the 
infinitesimal time interval [t+t,t+t+dt]  and is a reaction of type j is 

aj(xύ ϊ ŜȄǇό-a0(x)t)
· the time t to the next reaction is an exponential random variable of mean 1/a0(x) 

· the probability that next reaction is of type j is aj(x) /a0(x)

º At each simulation step, 2 uniform r.n. u and v are drawn
· t  is chosen to be ln(u-1)/a0(x)

· j  is chosen as the smallest integer satisfying )x(av)x(a

j

i
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Reformulations of the method

º First reaction method (1976)
· at each simulation step, draw m uniform r.n. and compute t1, t2ΣΧΣtm, the 

putative time of all reactions

· choose t  as the min(t1, t2ΣΧΣtm)

· choose j as the index of the minimum above 

º Next reaction (2000)
· same as the above one, but the putative times are saved in an indexed binary 

tree so that the minimum is always at the top

· a dependency graph is used to keep track of coupling among reactions to determine 
when putative times in the tree have to be resampled

º Modified direct method (2004)
· a pre-run to determine a suitable order of reactions to minimize cost of step 2)

º Sorting direct method (2006)
· self-adaptive version of the one above, no pre-run
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Rare events

º Events that lead to abnormal states are rare but have devastating 
effects

· rare epigenetic modifications play crucial roles in cancer development

· failure of DNA repair mechanisms occurs randomly with a very low probability per 
replication 

º SSA computational requirements for the analysis of rare events may be 
substantial

º Example

· the spontaneous switch from the lysogenicto the lyticǎǘŀǘŜ ƛƴ ǇƘŀƎŜ ˂-infected 
E. coli is experimentally estimated to be in the order of 10ҍтper cell per 
generation 

· SSA would generate sample trajectories of this rare event once every 107 runs
º it would require more than 1011 simulation runs to generate an estimated probability within 1% 

relative half-width of a confidence interval (at a 95% confidence level)
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Biasing SSA trajectories: wSSA

º Trajectories generated by the SSA are determined by the reaction 
propensities ajόȄύΣ ƧҐмΣнΣΧΣa

· vector field in the phase portrait

º Rare event  Ĕmost trajectories 
do not reach it

º Biasing propensities (I.S. technique)
can increase the likelihood of finding it

· more samples in lesser simulation runs

· increased precision with the same 
computation time

º There is a simple way to 

· bias the propensities 

· remove the bias from results

rare events

initial state

Kuwahara, Mura. An efficient and exact stochastic simulation method to analyze rare events in 
biochemical systems,  JCP, 129(16), 2008




