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Reaction -based models: basic definition

A Given a biological system with any kind of interacting
components, a formalization of its components and
their interactions can be done by specifying:

i Aset of (molecular ) species { 8 Rfs
i Aset of ( biochemical ) reactions 4 8 i
i Theinitial amounts &= F8 Fty of species"YF8 RY, respectively

A Integer numbers (number of molecules) of real value numbers
(concentrations)

i The (kinetic ) constants f 8 ffli characterizing the chemico-
physical properties of reaction Y 8 Y , respectively

NB: Avolume V (where reactions take place) is usually given, and
assumedto be invariable and well -stirred (i.e., speciesare
uniformly distributed in V)
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How do we identify species?

A Speciescharacterize any component of the system

A For instance, in the formalization of a cellular process
speciescan be:
T lons, metabolites, genes proteins, €&
i The molecular complexes they form each other

A Eachcomponent must be specified with a different
symbol. For instance:
i Proteins: 1 and n
T Complex between these proteins:
NN ornd) or n.Rn or nzn or &
i Note that 1 n isdifferent from f n

What do we mean for species amount ?

A In reaction -based models, speciesamounts can be given
either asnumber of molecules (integer numbers) or as
concentration (real numbers)

A The way species amounts are specified depends on how
we want to «interpret » the model:
T Asa stochastic model A number of molecules
T Asa deterministic model A concentrations

NB: There is always a way to transform number of molecules into
concentrations, and viceversa:

(number of molecules of species {) = (concentration of {|) {4 _t
where 0 is Avogadr odswisthemduene and
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What do we mean for (kinetic ) constant ?

A The constant associated with each reaction is a (non negative)
real number that characterizes the chemico -physical properties
of that reaction

A The way reaction constants are specified depends on how we
want to «interpret » the model:

T Asa stochastic model A «probability » of reaction to occur
T Asadeterministic model A reaction rate

A Thereis always a way to transform stochastic constants (here
denoted by ¢ into deterministic constants (here denoted by Q:

Typeof reaction Relationbetween constants
1 reactant © 0
2 reactants of different species © TO o
2 reactants of the same species ® ¢Diw

How do we formalize reactions ?

A Areaction consistsin a set of reagents and a set of
products . Formally:

YDOY @Y 8 YO QY @Y 8 &Y
|

reagents products

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

A Reagentsavndvproducts can only be elements belonging to the set of
species Y8 h'Y

A Eachreagent and product appearing in avreavctign is characterized
by a stoichiometric coefficient # 8 fu R} B Ay (integer numbers)

i Note that some & 8 & Fd 8 Fd could be equal to 0 (so the corresponding
speciesdoes not actually appear in the reaction)
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From molecular reactions to model formalization - Example

0 =gP
e e

Symbol «+» denotes a physical interaction This notation represents a molecular
between reactant molecules complex (reaction product)
Species \R@Ctions
S=A,S,=B,S=C R :A+B o AB

From molecular reactions to model formalization - Example

0 "=d —dg
© ©

Symbol «+» denotes a physical interaction This notation represents a molecular
between reactant molecules complex (reaction product)
Species —Reactions
S=A,S,=B,S=C R:A+B- AB
S,=AB, SS=ABC R,: AB+C - ABC




From molecular reactions to model formalization - Example

0 "—=d —dg

Advice
useat most 2"d order reactions

Stoichiometriccoefficientsare all A (Kinetic) constantmust be
equalto 1 inthesereactions associatedwvith eachreaction
Species \Rggctions
S=AS,=B,5=C R,: A+ B - AB
S,=AB, S;=ABC R,: AB+C - ABC

The 1st advantage of reaction -based models

A Sinceit“ s p e a k sldnguagh & biochemistry
reaction -based modeling represents for biologists an
easier and comprehensible way to formalize biological
systems
T It does not require any expertise in mathematical formalisms
T It can largely facilitate the crosstalk between modelers and

experimentalists

A The 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

A Lotka-Volterra system (prey-predator dynamical system)
formalized as a reaction-based model

o

i Species ==food L=prey ¢ 2 d=predator

I Reactions

=| D= Ll o L L with some O T ’ Growth of prey population ‘

=| b L Lo L i with some™Q Tt ’ Growth of predator population
=| Dl o with some Q 1 ’ Death of predator population ‘

X(1) —

T Initial amounts (asvintegers):
[6] pmhe pmma pmmT
i The state at time 0 Tis:

L (p mhE mdproT 3

Species amount

Reaction-based models as dynamical systems

Given areaction -based model, we can determine how the
state of the biological system changes in time

T Kinetics constants associated with reactions and initial
molecular amounts are indispensable to run simulations of the
model

A L 0 is avector of species amounts occurring
at some time instant 6. Formally:

L© (& O OB K ()

where @ (o)h,o (O hd () represent the amount of
species YR8 RY at time o, respectively

A The states of the system are automatically generated by
using simulation methods
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Reaction-based models as dynamical systems

A Given areaction -based model, we can determine how the
state of the biological system changes in time

T Kinetics constants associated with reactions and initial

molecular amounts are indispensable to run simulations of the
model

A The state &= o is a vector of species amounts occurring
at some time instant 6. Formally:
=0 (& (9 (9B ho (9)
where & (9)hw (OB hid (0) represent the amount of
species“YI8 RY at time 0, respectively

A The states of the system are automatically generated by
using simulation methods

Reaction-based models as dynamical systems

A Given a reaction -based model, we can determine how the
state of the biological system changes in time

T Kinetics constants associated with reactions and initial
molecular amounts are indispensable to run simulations of the

. The necessarymath is «hidden» in "
the simulation and analysis methods!

where @ (0)htd (OB hw (0) represent the amount of
species Y8 RY at time O, respectively

A The states of the system are automatically generated by
using simulation methods
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Changing the system state in time —An example

A Assume areaction -based model consisting in three species
“YRYRY and two reactions:

Y DY “YACY Y D'YA'Y
A Assumethat the state at some time 0Ois:
o o - - We assume here that
L 0 (L) 0 I‘n) 0 I‘U) o} p WI‘: O species amounts are
given as integers
A Then:

T If we «simulate» thq occurrence of reactjop 'Y at time 0 we obtain:
Lo p pu plx phco ¢ pipgo

T If we «simulate» the occurrence of reaction 'Y at time 6 p we
obtain:
L0 o (pt php mg v p) (p bR )

and so onég

The 2nd advantage of reaction -based models

A Reaction-based models can be exploited to run both
stochastic and deterministic simulations  to investigate
the temporal evolution of the system

T According to the stochastic formulation of chemical kinetics
[Gillespie, J. Comput. Phys. 81, 1977], the formalization of a
biochemical network as aset of species and a set of reactions can
be straightforwardly used to run stochastic simulation algorithms

T Anyreaction-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)
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From reactions to ordinary differential

equations

(mass-action law)

Reaction Syntax  ODEs
[S1] = —k[S
S’Li qz j.1] " l.}
(S = k[S4]
Si] = —k[S1][5:]
Si+8 58 (8] = —k[S1][Sy]
[$1a = K[S1][S5]
[S1] = —k[S1][Sa
Si+18 % 8y 8] = —ki[Sy][Sy)"
(8] = k[S4][S2]'
S+5t [$] = —2k[S]?
Si+ Ss i S3+ 53 Sg} = qul] 92]

ky

1S1] = —k1 [S1] + ka[S5)

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

Sp < Sy - ) :
k2 [S2] = k1[S1] — ka[Sa]
. (1] = — k1 [S1][Sa] + ko[ S3]
Sp+ S TT S3 35:'2] = —F1[S1][Sa] + k2[5
(93] = k1 [51][S5] — ko[8]
0L s ] =k
st 18] = —k[S]

The 3rd_advantage of reaction -based models

A Reaction-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
T ltprevents

t he

processes

(bad/ wrang)e”charmso

system behavior into the mathematical formalization

1 For 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

A Since all molecular species and their mutual reactions
appear as 0 atiotmindek they cahlbee s 6
analyzed either independently  from each other or in
combination with other components , in order to
determine the corresponding influence on the system
behavior
i They 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 ODESs but prevent the possibility to associate the effect of
perturbing single components on the overall system behavior

Enzyme kinetics example

A Defined as a reaction -based model:
i Species 'O (enzyme), "Y(substrate), ‘O "fenzyme-substrate complex), 0 (product)
I Reactions:

Y, D0 YO O°Ywith Q m

'Y, DO"Y O Y with N m

Y, D0 O 0 with Q T
A Defined as a system of ordinary differential equations :
- o[ory eioy @ oy

Q Y 7 " o k7 v e
— QoY Q[0 Thes? para_meters
[Q(]) - . «hide» single
Q[ary afoy o oy reaction constants

U oV

A Using the «quasi-steady-state approximatiori » (Q[O]["Y /Q['O']Y T OV

[] . .
— —— where | 6 Q O and 0 _—
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The 5th_advantage of reaction -based models

A 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
T Adding new species or reactions to a system of ODEswould

require the modification of many of its differential  equations

A Reaction-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/cCAMPPKA pathway

A Glucose signaling pathway in S. cerevisiae
T Metabolism regulation
I Sress resistance
T Cell cycle progression

RAS Q(Cdc2!

v | e
i
reguiatory
| =)
L

active PKA inactive PKA

Santangelo Microb Mol BiolRev70, 2006
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Another graphical representation and more details

A Ras proteins (GTPases)
T positively regulated by
Cdc25
1 negatively regulated by
Ira2

Ira2

Pde1 Pde2

N

Another graphical representation and more details

A Ras proteins (GTPases)
T positively regulated by
Cdc25
1 negatively regulated by
Ira2
A Ras2GTP activates the
adenylate cyclases Cyrl

Cyr1

Ira2
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Another graphical representation and more details

A Ras proteins (GTPases)
T positively regulated by
Cdc25
1 negatively regulated by
Ira2
A Ras2GTP activates the
adenylate cyclases Cyrl
A Cyrinduces cAMP
synthesis

Ira2

Pde1

Pde2

Another graphical representation and more details

A Ras proteins (GTPases)

T positively regulated by
Cdc25

1 negatively regulated by
Ira2

A Ras2GTP activates the
adenylate cyclases Cyrl

A Cyrinduces cAMP
synthesis

A cAMP activates PKA

Cdc25

Cyr1

N\

Pde1

/

(' cAmP

PKA

N

Ira2

Pde2
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To Do Do Do

Another graphical representation and more details

Ras proteins (GTPases)
T positively regulated by Cdc25
T negatively regulated by Ira2
Ras2GTP activates the
adenylate cyclases Cyrl
Cyr induces cAMP synthesis
CAMP activates PKA
cAMP is degraded by two

phosphodiesterases, Pdel
and Pde2

Cyr1

Ira2

PKA

o Do o Do

Another graphical representation and more details

Ras proteins (GTPases)
i positively regulated by Cdc25
T negatively regulated by Ira2
Ras2GTP activates the
adenylate cyclases Cyrl
Cyr induces cAMP synthesis
CcAMP activates PKA
CAMP is degraded by two
phosphodiesterases, Pdel
and Pde2
Feedbacks exerted by PKA
1 positive regulation of Pdel

Cyr1

Pde1

Ira2

Pde2
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To Do Do Do

Another graphical representation and more details

Ras proteins (GTPases)

T positively regulated by Cdc25
T negatively regulated by Ira2

Ras2GTP activates the
adenylate cyclases Cyrl
Cyr induces cAMP synthesis
CAMP activates PKA
cAMP is degraded by two
phosphodiesterases, Pdel
and Pde2
Feedbacks exerted by PKA
I positive regulation of Pdel
T positive regulation of Ira2

Cyr1

Pde1

Pde2

PKA

o Do o Do

Another graphical representation and more details

Ras proteins (GTPases)

i positively regulated by Cdc25
T negatively regulated by Ira2

Ras2GTP activates the
adenylate cyclases Cyrl

Cyr induces cAMP synthesis
CcAMP activates PKA

CAMP is degraded by two /
phosphodiesterases, Pdel

and Pde2

Feedbacks exerted by PKA
1 positive regulation of Pdel
T positive regulation of Ira2
T negative regulation of Cdc25

Cyr1

Pde1

Ira2

Pde2
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A Only indirect evidence

Ras/cAMPPKA pathway in yeast: w h a tthe gguestion ?

of oscillations in yeast cells

i Periodic nucleocytoplasmic
shuttling of Msn2 (downstream ~
target protein of PKA) N

Medvedik et al. PLoBiol5, 2007

A Wh at & scientificequestion behind modeling?

T What are the conditions that assure the establishment of
oscillations in this pathway?

T Wh at 0 soletplayed by Ras modulators (Cdc25/Ira2, GTP/GDP)
on the insurgence of oscillatory regimes?

i Doesbiological noise have a relevant role in this pathway?

Reaction-based model of Ras/cAMPPKA pathway

Cdc25

Ira2

switchycle of Rasz | !
Cyr1

2e GDP+Cdc25 — Ras2e GDP e Cdc25

2e GDPeCdc25 — Ras2 e GDP+Cdc25

2eGDPeCdc25 — Ras2 e Cdc25 +GDP

BIE|E|E

2 e Cdc25 +GDP —» Ras2 « GDP @ Cdc25

Ras2 s Cdc25 +GIP — Ras2 e GTPe Cde25
Ras2s GTP+Cde25 — Ras2eCdc2S +GTP /
Ras2 e GTPeCdc25 — Ras2e GTP + Cdc2S
2 Ddad

] Ra GTP=Cdc25 — Ras2 e GTPe Cdc2%

| ReeGIP-lm? - Ras2eGTPelm2 ‘ Ras2sGDP + Cdc25 o Ras2eGDPsCde25 . Ras2eCdc25 + GDP

Iy Ras2e GTP+ a2 — Ras2eGDP +Im2 l I
I_ Ras2eGTP + Cde25 " Ras2eGTPsCdc25 o Ras2eCde25 + GTP

23/11/2016
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Reaction-based model of Ras/cAMPPKA pathway

Pde2
Ris2e GTPeCYRI-ATP — Rasle GTPeCYRI=cAMP

1 | Ras2 e GTP+CYRI » Ras2 e GIPeCYRI l

5 |Ras2eGTPeCYRI+Ia2 — Ras2eGDP+CYRI-Inm2

PKA

Reaction-based model of Ras/cAMPPKA pathway

CAMP+PKA — cAMPePKA Ras2-GDP

CAMP + cAMP«PKA - (2cAMP) e PKA

CAMP - (2cAMP) s PKA — (3cAMP) s PKA Ira2

CAMP * (3cAMP)  PKA  — (4cAMP) e PKA

Ras2-GTP A

fs | (4cAMP)ePKA — cAMP +(3cAMP) e PKA

(3cAMP) e PKA — cAMP+(2cAMP) » PKA

(2cAMP) ¢ PKA — cAMP + cAMP« PKA

cAMPePKA — CcAMP+PKA

(4cAMP) e PKA — C+C+Re2CAMP~Re2cAMP

Re2cAMP —» R+ cAMP+cAMP

s |ReC+ReC — PKA

R+C — ReC |

Pde1

PKA

23/11/2016
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Reaction-based model of Ras/cAMPPKA pathway

s |C~=Pdel — C+Pdel®

fr [cAMP+Pdcl? — cAMPePdcl?
Ly [cAMPePdel® — CcAMP<Pdel®
L | CAMP o Pdel® AMP + Pdel®

s | CAMP + Pde2 CAMP » Pde2

T | CAMP o Pde2 CAMP + Pde2

.
o

o |Pdel’~PPA2 > Pdel+PPA2
N
N

AMP - Pde2

| Iz | CAMP » Pde2

AN

Pde1 Pde2

N

Reaction-based model of Ras/cAMPPKA pathway

Cyr1

ny [C+Cde2s - C+Cda2s’

s | Cde2®+PPA2 — Cde2S+PPA2

L1
PKA

23/11/2016
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Reaction-based model of Ras/cAMPPKA pathway

Cyr1

36 | Ia2+C — IaX-C

157 | Ras2e GTP +Ira2® — Ras2 e GTP e [ra2®

1 | Ras2 e GIP e Ira2” s Ras2eGDP +Ira?®

Ira2

Ge |2 o Im2 5
I

Reaction-based model of Ras/ cCAMPPKA pathway

Products Constant ¢

33 species
39 reactions

Table 2 Molecular amounts of initial species in the
Ras/cAMP/PKA model

Molecular species Copy number (molecules/cell) Reference
Cyrl 200 nel
Cde2s 200 [29]
Ira2 200 el
Pdel 1,400 [29]
PKA 2500 [29]
PPAZ 4,000 [29]
Pde2 6,500 [29]
Ras2-GDP 20,000 [29]
GOP *15x10° [23]
GTP *50 % 10° [23]
ATP *24x 10 [23]

Besozzi et al. EURASIPRloinformSystBiol 2012, 2012
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The role of feedback regulation

A Activation of both feedback controls on Cdc25 and Ira2V¥

cAMPstable oscillatory regimes

140000 T T — T T T T
120000
no feedback 10000
or g o p /
only feedback E . i oo
on Cdc25 o o -
0000 - 000 '{“I

oot

T T T
Ras2-GTP ———
Active PKA

1000 b /_f‘vb_,———_.—:
8000 [ -

e s e s e

0 200 400 600 SOD 1000 1200 1400

Time [a.u]
o T T ‘Klﬁlﬁ'l‘l'i
Active PKA

2500 —n B
I ,

feedback on both | | , I
Cdc25 and Ira2 E’;’ E HMT‘ i

= =
. [A f”
500

20000 - i \{\(u Al
N , ,:Lw,wﬂﬂ” ‘M Y
200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400

Time [a.u]

Time [au]

Stochastic vs.

deterministic simulation

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

140000

cde25 = 100
Cde2s = 200
Cde25 = 300 ——
120000 | Cde25 = 40 120000 |
Cac25 = 500 ——
100000 | ‘ | 100000
80000 \ 80000
3 3

140000

60000 ‘ n = f‘h 60000 H 1

AAAAAAANA

e ‘H\ \N |J bid I\ | ?T“ﬁ]w

il i ‘J\w}\‘

L WV LUV
AN A A A A AA AL\,

! w0 400 600 1200 1400 ! tow0 1200 1400

| stochastic simulation |

|deterministic simulation |

Besozzi et al. EURASIPRIoinformSystBiol 2012:10, 2012

This is an example of parameter
sweepanalysis see afternoon
seminar by Marco S. Nobile
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The role of guanine nucleotides

A Role of GTP amount on cAMPoscillations

/7600 1ime [a.u.]
7400

0+ 06— 7200
arp PP -
6o+ 0

140000
& 120000
% 100000
80000
60000
40000
20000

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

A Bidimensional parameter sweep analysis:
GTPI [1.9x10% 5x10°] and Cdc25] [0,600]

(from reduced nutrients to normal growth; from deletion to 2-fold expression)

cAMP oscillations amplitude

40000
35000
30000
25000
20000
15000
10000
5000
0

23/11/2016
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Q.H:QAL ~L AT f\d025

| GTP=5x10Cdc25=300

high GTP, high Cdc2b

) This is example of 2D parameter
e sweepanalysis see afternoon
ol || ol seminar by Marco S. Nobile

Boosting biological insights with GPU computing

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

40000
35000
30000
25000
20000
15000
10000
5000
0

cAMP oscillations ampliludc

23/11/2016
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Boosting biological insights with GPU computing

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

30000

20000

10000

cAMP oscillations amplitude

4.0e04
3.5004

20008 ~200simulations
e in ~2 hours
s (on CPU)

Boosting biological insights with GPU computing

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

30000

20000

10000

cAMP oscillations amplitude

~65000simulations
in ~2 hours(on GPU)

M.S. Nobile et al. PLOSONED, 2014

4.0e04
3.5004

3o ~200simulations
e in ~2 hours
s (on CPU)

4.5e04
4.0e04
3.5e04
3.0e04
2.5e04
2.0e04
1.5e04
1.0e04
5.0e03
0.0e00

CAMP oscillations amplitude

23/11/2016
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Was the model useful?

A Emphasison the role played by Rasmodulators
(Cdc25/Ira2, GTP/GDP) and phosphodiesterases

T Prediction of system dynamics in different (physiological and
perturbed ) conditions

A What is the biological meaning of oscillations ?

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

Nature 455, 2008]

i Inthe Ras/cAMRPKA pathway, oscillations might extend the
regulatory span of the system
A PKAis known to control 90% of genesregulated by glucose in yeast

Hands-on session

23/11/2016
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What to do?

A Rememberthat a reaction-based model requires the

definition of:
T Aset of species -
7 Aset of reactions For simplicity, consider integer
i Amount for each species numbersfor species amounts

T Kinetic constant for each reaction

A Given the biological systems described in the following
exercises:

T You do not need to define numerical values for all parameters at
this timeé

I ébut you ar eident¥ymeddornalize all species/
reactions andtot hi nk about how the syste
in time

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

Hints

A Youare free to choosethe symbolsyou like to denote
speciesand complexes, but make sure that your
formalization is rigourous and always consistent

A Remindthat:

T SpeciesX (uppercase) is different from species x (lowercase)
T Reaction X + Y- XYis different from reaction X +Y - YX, since
symbols XY and Y Xrepresent different species
A Exploit a «modular approach » to progressively define the
models suggestedin the next exercises.
T Use Modell 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!

23/11/2016
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Model 1

A Define a reaction -based model to describe gene
expression according to the « central dogma»
T Assume tohave a single gene in your system

A The goal of the model is to analyze (simulate/ predict)
how the protein amount changesin time

A Assumethat the intracellular amounts of both
«transcriptional and translational machineries» do not
represent a limiting factor

Model 2

A Define a reaction -based model to describe gene-gene
regulation, given that:
T The system consistsin 2 genes
T Gene Apositively regulates gene B (it enhancesits expression)
I Gene Bnegatively regulates gene A (it inhibits its expression)

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

A Asin Model 1, assumethat the intracellular amount of
both «transcriptional and translational machineries» do
not represent a limiting factor

23/11/2016
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Model 3

A Define a reaction -based model to describe gene-gene
regulation, given that:

T The system consistsin 3 genes

Gene Apositively regulates gene B (it enhancesits expression)

Gene Bnegatively regulates gene A (it inhibits its expression)

Gene Bnegatively 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

T Protein codified by gene B needsto be phosphorylated before it
can bind the operator sites on gene C
A The goal of the model is to analyze (simulate/ predict) how
the proteins amounts changein time, according to the
aforementioned gene regulation

A Asin Model 1 and 2, assumethat the intracellular amount of
both «transcriptional and translational machineries», as well
as «phosphorylation components», do not represent a
limiting factor
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