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Reaction -based models: basic definition

ÅGiven a biological system with any kind of interacting

components , a formalization of its components and 

their interactions can be done by specifying:

ïA set of ( molecular ) species ╢ȟȣȟ╢╝
ïA set of ( biochemical ) reactions ╡ȟȣȟ╡╜
ïThe initial amounts ╧ȟȣȟ╧╝of speciesὛȟȣȟὛ , respectively

ÅInteger numbers (number of molecules) of real value numbers

(concentrations )

ïThe (kinetic ) constants ▓ȟȣȟ▓╜ characterizing the chemico-

physical properties of reaction ὙȟȣȟὙ , respectively

NB: A volume V (where reactions take place) is usually given, and 

assumedto be invariable and well -stirred (i.e., species are 

uniformly distributed in V)
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How do we identify species?

ÅSpecies characterize any component of the system

ÅFor instance, in the formalization of a cellular process, 

species can be:

ï Ions, metabolites , genes, proteins, é 

ïThe molecular complexes they form each other

ÅEachcomponent must be specified with a different

symbol. For instance:

ïProteins: ὴ and  ὴ

ïComplex between these proteins:

ὴὴ orὴȡὴ or   ὴ ῂ or   ὴ ὴz or é

ïNote that ὴὴ is different from ὴὴ

What do we mean for species amount ?

Å In reaction -basedmodels, species amounts can be given

either as number of molecules (integer numbers) or as

concentration (real numbers)

ÅThe way species amounts are specified depends on how

we want to «interpret » the model:

ïAsa stochastic model Ą number of molecules

ïAsa deterministic model Ą concentrations

NB: There is always a way to transform number of molecules into

concentrations , and viceversa:

(number of molecules of species ╢)= (concentration of ╢)ẗ╝═ẗ╥

where ὔ is Avogadroõs number and ὠis the volume
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What do we mean for (kinetic ) constant ?

Å The constant associated with each reaction is a (non negative) 

real number that characterizes the chemico -physical properties

of that reaction

Å The way reaction constants are specified depends on how we

want to «interpret » the model:

ïAsa stochastic model Ą «probability » of reaction to occur

ïAsa deterministic model Ą reaction rate

Å There is always a way to transform stochastic constants (here

denoted by ὧ) into deterministic constants (here denoted by Ὧ):

Typeof reaction Relation betweenconstants

1 reactant ὧ Ὧ

2 reactants of different species ὧ ὯȾὔὠ

2 reactants of the same species ὧ ςὯȾὔὠ

How do we formalize reactions ?

ÅA reaction consists in a set of reagents and a set of 

products . Formally:

ὙḊὥὛ ὥὛ ȣ ὥὛ ᴼὦὛ ὦὛ ȣ ὦὛ

Å Reagents(products) appear on the left -hand (right -end) side of the 

reaction

Å Reagentsand products can only be elements belonging to the set of 

speciesὛȟȣȟὛ

Å Eachreagent and product appearing in a reaction is characterized

by a stoichiometric coefficient ╪ȟȣ╪╝ȟ╫ȟȣȟ╫╝ (integer numbers)

ï Note that some ὥȟȣὥȟὦȟȣȟὦ could be equal to 0 (so the corresponding

speciesdoes not actually appear in the reaction )

productsreagents
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From molecular reactions to model formalization - Example

A
B

C

A
B

Reactions

R1 :  A + B  AB

C

Symbol «+» denotes a physical interaction
between reactant molecules

This notation represents a molecular
complex (reaction product)

Species

S1= A, S2= B, S3= C

From molecular reactions to model formalization - Example

A
B

C

A
B

A
B

C

Reactions

R1 :  A + B  AB

R2 :  AB + C  ABC

C

Symbol «+» denotes a physical interaction
between reactant molecules

This notation represents a molecular
complex (reaction product)

Species

S1= A, S2= B, S3= C

S4= AB, S5= ABC
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From molecular reactions to model formalization - Example

A
B

C

A
B

A
B

C

Reactions

R1 :  A + B  AB

R2 :  AB + C  ABC

C

Symbol «+» denotes a physical interaction
between reactant molecules

This notation represents a molecular
complex (reaction product)

Species

S1= A, S2= B, S3= C

S4= AB, S5= ABC

Stoichiometriccoefficientsare all
equalto 1 in thesereactions

Advice: 
use at most 2nd order reactions

A (kinetic) constantmust be 
associatedwith eachreaction

The 1st advantage of reaction -based models

ÅSince it “speaks” the language of biochemistry , 

reaction -based modeling represents for biologists an 

easier and comprehensible way to formalize biological 

systems

ï It does not require any expertise in mathematical formalisms

ï It can largely facilitate the crosstalk between modelers and 

experimentalists

ÅThe reaction -based formalization is general enough to 

describe any kind of process determined by interacting 

components, by assigning the appropriate semantics 

to the set of species and to the set of reactions 
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From « reactions » to dynamics: an ecological example

ÅLotka -Volterra system (prey-predator dynamical system) 

formalized as a reaction -based model:

ïSpecies: ═= food ╧= prey ╨= predator

ïReactions: 

╡
Ḋ
═ ╧ᴼ ╧ ╧ with some Ὧ π

╡
Ḋ
╧ ╨ᴼ ╨ ╨ with some Ὧ π

╡ Ḋ╨ᴼ with some Ὧ π

ï Initial amounts (as integers):

ὃ ρππȟὢ ρπππȟὣ ρπππ

ï The state at time ὸ πis:

╧π ρππȟρπππȟρπππ Sp
ec

ie
s

am
o

u
n

t

Time 

Growth of prey population

Growth of predator population

Death of predator population

Reaction -based models as dynamical systems

Given a reaction -based model, we can determine how the 

state of the biological system changes in time

ïKinetics constants associated with reactions and initial

molecular amounts are indispensable to run simulations of the 

model

Å╧ὸ is a vector of species amounts occurring

at some time instant ὸ. Formally:

╧ὸ ὢ ὸȟὢ ὸȟȣȟὢ ὸ

where ὢ ὸȟὢ ὸȟȣȟὢ ὸ represent the amount of 

speciesὛȟȣȟὛ at time ὸ, respectively

ÅThe states of the system are automatically generated by 

using simulation methods
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Reaction -based models as dynamical systems

ÅGiven a reaction -based model, we can determine how the 

state of the biological system changes in time

ïKinetics constants associated with reactions and initial

molecular amounts are indispensable to run simulations of the 

model

ÅThe state ╧ὸ is a vector of species amounts occurring

at some time instant ὸ. Formally:

╧ὸ ὢ ὸȟὢ ὸȟȣȟὢ ὸ

where ὢ ὸȟὢ ὸȟȣȟὢ ὸ represent the amount of 

speciesὛȟȣȟὛ at time ὸ, respectively

ÅThe states of the system are automatically generated by 

using simulation methods

Reaction -based models as dynamical systems

ÅGiven a reaction -based model, we can determine how the 

state of the biological system changes in time

ïKinetics constants associated with reactions and initial

molecular amounts are indispensable to run simulations of the 

model

ÅThe state ╧ὸ is a vector of species amounts occurring

at some time instant ὸ. Formally:

╧ὸ ὢ ὸȟὢ ὸȟȣȟὢ ὸ

where ὢ ὸȟὢ ὸȟȣȟὢ ὸ represent the amount of 

speciesὛȟȣȟὛ at time ὸ, respectively

ÅThe states of the system are automatically generated by 

using simulation methods

The necessarymath is «hidden » in 

the simulation and analysis methods!
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Changing the system state in time –An example

ÅAssume a reaction -based model consisting in three species

ὛȟὛȟὛ and two reactions:

Ὑ ḊὛ ὛĄςὛ Ὑ ḊὛĄὛ

ÅAssume that the state at some time ὸis:

╧ὸ ὢ ὸȟὢ ὸȟὢ ὸ ρυȟχȟςσ

ÅThen:

ï If we «simulate» the occurrence of reaction Ὑ at time ὸwe obtain : 

╧ὸ ρ ρυ ρȟχ ρȟςσ ς ρτȟφȟςυ

ï If we «simulate» the occurrence of reaction Ὑ at time ὸ ρwe

obtain :

╧ὸ ς ρτ ρȟφ πȟςυ ρ ρυȟφȟςτ

and so oné

We assume here that
species amounts are 

given as integers

The 2nd advantage of reaction -based models

ÅReaction-based models can be exploited to run both 

stochastic and deterministic simulations to investigate 

the temporal evolution of the system

ïAccording to the stochastic formulation of chemical kinetics 

[Gillespie, J. Comput. Phys. 81, 1977], the formalization of a 

biochemical network as a set of species and a set of reactions can 

be straightforwardly used to run stochastic simulation algorithms 

ïAny reaction -based model can be automatically converted into a 

corresponding system of ordinary differential equations, and then 

simulated by means of some numerical integration algorithm

This conversion can be done by considering the law of mass action  
(the rate of a chemical reaction is proportional to the product of the concentrations of its reactants)



23/11/2016

9

From reactions to ordinary differential equations
(mass-action law)

There exist software tools
that automaticallyderive 

the system of ordinary
differential equations, 

starting from a set                   
of reactions

Once again,                     
math is «hidden»
somewhere else

The 3rd advantage of reaction -based models

ÅReaction-based models provide a detailed and 

accurate description of the molecular interactions and 

control mechanisms (including feedback or feedforward 

regulation) that take place in cellular processes

ï It prevents the (bad/wrong) chance to “hard-wire” a specific 

system behavior into the mathematical formalization

ïFor instance, if you know that the concentration of a species 

oscillates in time, and you formalize the differential equation 

of that species as a sinusoidal function, then you will obtain 

oscillations thanks to this sinusoidal function and NOT as an 

emergent property of the model itself
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The 4th advantage of reaction -based models

ÅSince all molecular species and their mutual reactions 

appear as òatomic entitiesó in the model, they can be 

analyzed either independently from each other or in 

combination with other components , in order to 

determine the corresponding influence on the system 

behavior

ïThey avoid the use of approximate kinetic functions (such as 

Michaelis -Menten rate law for enzymatic processes, or Hill 

functions for cooperative binding), which are often exploited 

in ODEs but prevent the possibility to associate the effect of 

perturbing single components on the overall system behavior 

Enzyme kinetics example

Å Defined as a reaction -based model :
ï Species: Ὁ(enzyme), Ὓ(substrate), ὉὛ(enzyme-substrate complex), ὖ(product )

ï Reactions: 

ὙρḊὉ ὛO ὉὛ with Ὧ π
ὙςḊὉὛO Ὁ Ὓ with Ὧ π
ὙσḊὉὛO Ὁ ὖ with Ὧ π

Å Defined as a system of ordinary differential equations :

Ὧ Ὁ Ὓ Ὧ ὉὛ Ὧ ὉὛ]

ὨὛ

Ὠὸ
Ὧ Ὁ Ὓ Ὧ ὉὛ

Ὧ Ὁ Ὓ Ὧ ὉὛ Ὧ ὉὛ]

Ὧ ὉὛ]

Å Using the «quasi-steady-state approximation » (Ὧ Ὁ Ὓ Ὧ ὉὛ Ὧ ὉὛ):

where    6 Ὧ Ὁ and  ὑ

These parameters
«hide» single 

reaction constants
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The 5th advantage of reaction -based models

Å In contrast to other formalisms, a reaction -based model 

can be easily refined or extended without any labored 

adjustment in the formalization of the former model 

ïAdding new species or reactions to a system of ODEs would 

require the modification of many of its differential equations

ÅReaction-based modeling is suitable to modular 

construction of larger and larger models, whereby an 

initial core of species and reactions can be extended to 

take into account other processes 

Reaction -based modeling of Ras/cAMP/PKA pathway

ÅGlucose signaling pathway in S. cerevisiae

ïMetabolism regulation

ïStress resistance

ïCell cycle progression

Santangelo MicrobMol BiolRev70, 2006
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Another graphical representation and more details

Å Ras proteins (GTPases)
ï positively regulated by 

Cdc25 

ï negatively regulated by 
Ira2 

Another graphical representation and more details

Å Ras proteins (GTPases)
ï positively regulated by 

Cdc25 

ï negatively regulated by 
Ira2 

Å Ras2-GTP activates the 
adenylate cyclases Cyr1
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Another graphical representation and more details

Å Ras proteins (GTPases)
ï positively regulated by 

Cdc25 

ï negatively regulated by 
Ira2 

Å Ras2-GTP activates the 
adenylate cyclases Cyr1

Å Cyr induces cAMP 
synthesis

Another graphical representation and more details

Å Ras proteins (GTPases)
ï positively regulated by 

Cdc25 

ï negatively regulated by 
Ira2 

Å Ras2-GTP activates the 
adenylate cyclases Cyr1

Å Cyr induces cAMP 
synthesis

Å cAMP activates PKA
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Another graphical representation and more details

Å Ras proteins (GTPases)

ï positively regulated by Cdc25 

ï negatively regulated by Ira2 

Å Ras2-GTP activates the 

adenylate cyclases Cyr1

Å Cyr induces cAMP synthesis

Å cAMP activates PKA

Å cAMP is degraded by two 

phosphodiesterases, Pde1 

and Pde2

Another graphical representation and more details

Å Ras proteins (GTPases)

ï positively regulated by Cdc25 

ï negatively regulated by Ira2 

Å Ras2-GTP activates the 

adenylate cyclases Cyr1

Å Cyr induces cAMP synthesis

Å cAMP activates PKA

Å cAMP is degraded by two 

phosphodiesterases, Pde1 

and Pde2

Å Feedbacks exerted by PKA

ï positive regulation of Pde1
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Another graphical representation and more details

Å Ras proteins (GTPases)

ï positively regulated by Cdc25 

ï negatively regulated by Ira2 

Å Ras2-GTP activates the 

adenylate cyclases Cyr1

Å Cyr induces cAMP synthesis

Å cAMP activates PKA

Å cAMP is degraded by two 

phosphodiesterases, Pde1 

and Pde2

Å Feedbacks exerted by PKA

ï positive regulation of Pde1

ï positive regulation of Ira2

Another graphical representation and more details

Å Ras proteins (GTPases)

ï positively regulated by Cdc25 

ï negatively regulated by Ira2 

Å Ras2-GTP activates the 

adenylate cyclases Cyr1

Å Cyr induces cAMP synthesis

Å cAMP activates PKA

Å cAMP is degraded by two 

phosphodiesterases, Pde1 

and Pde2

Å Feedbacks exerted by PKA

ï positive regulation of Pde1

ï positive regulation of Ira2

ï negative regulation of Cdc25
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Ras/cAMP/PKA pathway in yeast: what’sthe question ?

ÅOnly indirect evidence
of oscillations in yeast cells
ïPeriodic nucleocytoplasmic

shuttling of Msn2 (downstream                                                      
target protein of PKA)

ÅWhatõs the scientific question behind modeling?

ïWhat are the conditions that assure the establishment of 

oscillations in this pathway?

ïWhatõs the role played by Ras modulators (Cdc25/Ira2, GTP/GDP) 

on the insurgence of oscillatory regimes?

ïDoes biological noise have a relevant role in this pathway?

Medvedik et al. PLoSBiol5, 2007

Switch cycle of Ras2

Reaction -based model of Ras/cAMP/PKA pathway
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Synthesis of cAMP

Reaction -based model of Ras/cAMP/PKA pathway

Activation of PKA

Reaction -based model of Ras/cAMP/PKA pathway
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Activity of phosphodiesterases

Reaction -based model of Ras/cAMP/PKA pathway

Feedback on Cdc25

Reaction -based model of Ras/cAMP/PKA pathway
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Feedback on Ira2

Reaction -based model of Ras/cAMP/PKA pathway

Reaction -based model of Ras/ cAMP/PKA pathway

Besozzi et al. EURASIP J BioinformSystBiol2012, 2012

33 species

39 reactions
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ÅActivation of both feedback controls on Cdc25 and Ira2 Ÿ

cAMPstable oscillatory regimes

no feedback 

or 

only feedback 

on Cdc25

feedback on both

Cdc25 and Ira2

The role of feedback regulation

Stochastic vs. deterministic simulation

deterministic simulationstochastic simulation

Besozzi et al. EURASIP J BioinformSystBiol2012:10, 2012

Å Perturbation of Cdc25 amount in the range [100,500] molecules

This is an example of parameter
sweepanalysis, see afternoon

seminar by Marco S. Nobile
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The role of guanine nucleotides

ÅRole of GTP amount on cAMPoscillations

Initial amount of Cdc25 = 300 molecules
(standard condition)

Initial amount of Cdc25 = 500 molecules
(overexpression)

This is example of parameter
sweepanalysis, see afternoon

seminar by Marco S. Nobile

Coupled effect of GTP and Cdc25

ÅBidimensional parameter sweep analysis:
GTPÍ[1.9×104, 5×106] and Cdc25Í[0,600]

(from reduced nutrients to normal growth; from deletion to 2-fold expression)
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Coupled effect of GTP and Cdc25
high GTP, low Cdc25

low GTP, low Cdc25
low GTP, high Cdc25

high GTP, high Cdc25GTP=5x106 Cdc25=300

This is peculiarexample of 
parameter sweep analysis, 

seeΧ

This is example of 2D parameter
sweepanalysis, see afternoon

seminar by Marco S. Nobile

Boosting biological insights with GPU computing

Analysis of cAMP oscillations in the Ras/cAMP/PKA pathway in yeast
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Boosting biological insights with GPU computing

~200 simulations
in ~2 hours

(on CPU)

Analysis of cAMP oscillations in the Ras/cAMP/PKA pathway in yeast

Boosting biological insights with GPU computing

~200 simulations
in ~2 hours

(on CPU)

~65000simulations
in ~2 hours(on GPU)

Analysis of cAMP oscillations in the Ras/cAMP/PKA pathway in yeast

M.S. Nobile et al. PLoSONE 9, 2014
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Was the model useful?

ÅEmphasison the role played by Ras modulators

(Cdc25/Ira2, GTP/GDP) and phosphodiesterases

ïPrediction of system dynamics in different (physiological and 

perturbed ) conditions

ÅWhat is the biological meaning of oscillations?

ïHypothesis of «frequency modulated» signaling system [Cai et al. 

Nature 455, 2008]

ï In the Ras/cAMP/PKA pathway, oscillations might extend the 

regulatory span of the system

ÅPKA is known to control 90% of genesregulated by glucose in yeast

Hands-on session
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What to do?

Å Remember that a reaction -based model requires the 
definition of:
ïA set of species

ïA set of reactions

ïAmount for each species

ïKinetic constant for each reaction

ÅGiven the biological systems described in the following 
exercises:
ïYou do not need to define numerical values for all parameters at 
this timeé

ïébut you are expected to identify and formalize all species/ 
reactions and to think about how the system’s state will change 
in time

ïDetermine at least some relationships among kinetic parameters             
(e.g., whether a reaction constant should be larger or smaller than 
another reaction constant)

For simplicity, consider integer
numbersfor species amounts

Hints

ÅYou are free to choose the symbols you like to denote

species and complexes, but make sure that your

formalization is rigourous and always consistent

ÅRemind that :

ïSpeciesX (uppercase) is different from species x (lowercase)

ïReaction X + Y  XY is different from reaction X + Y  YX, since

symbols XY and YX represent different species

ÅExploit a «modular approach » to progressively define the 

models suggestedin the next exercises:

ïUse Model1 to define Model 2 to define Model 3

Systems Biology is a «team work»: gather together in small groups, 
discuss with your team members and (above all) enjoy yourself!
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Model 1

ÅDefine a reaction -based model to describe gene 

expression according to the « central dogma»

ïAssume to have a single gene in your system

ÅThe goal of the model is to analyze (simulate/ predict ) 

how the protein amount changesin time

ÅAssume that the intracellular amounts of both

«transcriptional and translational machineries» do not

represent a limiting factor

Model 2

ÅDefine a reaction -based model to describe gene-gene 

regulation , given that :

ïThe system consists in 2 genes

ïGene A positively regulates gene B (it enhances its expression)

ïGene B negatively regulates gene A (it inhibits its expression)

ÅThe goal of the model is to analyze (simulate/ predict ) 

how the proteins amounts change in time, according to 

the aforementioned gene regulation

ÅAs in Model 1, assume that the intracellular amount of 

both «transcriptional and translational machineries» do 

not represent a limiting factor
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Model 3

Å Define a reaction -based model to describe gene-gene 
regulation , given that :
ï The system consists in 3 genes

ïGene A positively regulates gene B (it enhances its expression)

ïGene B negatively regulates gene A (it inhibits its expression)

ïGene B negatively regulates gene C (it inhibits its expression) and 
there exist two operator sites for the regulation of gene C, both of 
which need to be occupied to totally inhibit its expression

ïProtein codified by gene B needs to be phosphorylated before it
can bind the operator sites on gene C

Å The goal of the model is to analyze (simulate/ predict ) how
the proteins amounts change in time, according to the 
aforementioned gene regulation

Å As in Model 1 and 2, assume that the intracellular amount of 
both «transcriptional and translational machineries», as well
as «phosphorylation components», do not represent a 
limiting factor
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