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What is Systems Biology?

%]

500

2000
m First mention of the term: 1500
1928 (L Von Bertallanfy) . Publffed
m Modern revival of the 500 I I I
term: 1998 (L Hood, H A R I
KltanO) 1997 1588 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Systems Biology is the study of the emerging properties
of a biological system, taking into account all the necessary constituents,
their relationships and their dynamics.

Systems-wide analysis (omics) Application of systems-theory

= Born: 1990s = Born: 1960s

= Technologies: high-throughput, = Technologies: quantitative
statistics measurements, modelling

= People's background: molecular = People's background:
biologists, mathematicians biochemists, engineers

= Key lesson: the selection of a = Key lesson: the properties at a
phenotype is done at the level of certain level are emerging
the system, not of the component from the dynamic interaction

(gene expression puzzle) of components at a lower level
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What happened to biology at the end of XX*
century?
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The International Genetically Engineered Machine competition (iGEM) is
Departmerts of Molecular Biology and Physics, Princeton University, Princeton, Biclogy competition. Student teams are given a kit of biological parts at the beginnin
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New way of doing biomedical research
model

Experimen
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The models | am talking about

biochemical modell 2 mathematical modeII

/ "ﬂ‘ Mo kelM] — ks[~PI[C2] + ko[CP]
ANl S ~ k3[CPI[Y] + kg[~PI[C2] — ko[CP]
! = klQPI[Y] — [pMIF([M]) + ks[~P][M]
~» 4| |5 ' d[M]/dt = [pMIRIM]) — ks[~P][M] — k¢[M]
- diY)/dt = ky[aa] NkalY] — k[CPI[Y]
Py 3 d[YP]/dt = ke[M] — R[YP]
cdc2)
P
aa ‘
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S|mulat|on| Tyson et al (1991) PNAS 88(1):7328-32 computational model I



Computational modelling left the niches

Metabolic networks Fung et al. A synthetic gene-metabolic oscillator. Nature 2005; Herrgard et al. A
consensus yeast metabolic network reconstruction obtained from a community approach to systems biology.
Nat Biotechnol 2008

Slgnalllng pathways Bray et al. Receptor clustering as a cellular mechanism to control sensitivity.
Nature 1998; Bhalla ad lyengar. Emergent properties of signaling pathways. Science 1998; Schoeberl et al.
Computational modeling of the dynamics of the MAP kinase cascade activated by surface and internalized EGF
receptors. Nat Biotechnol 2002; Hoffmann et. The IkB-NF-kB signaling module: temporal control and selective
gene activation. Science 2002; Smith et al. Systems analysis of Ran transport. Science 2002; Bhalla et al. MAP
kinase phosphatase as a locus of flexibility in a mitogen-activated protein kinase signaling network. Science
2002; Nelson et al. Oscillations in NF-kB Signaling Control the Dynamics of Gene Expression. Science 2004;
Werner et al. Stimulus specificity of gene expression programs determined by temporal control of IKK activity.
Science 2005; Sasagawa et al. Prediction and validation of the distinct dynamics of transient and sustained ERK
activation. Nat Cell Biol 2005; Basak et al. A fourth IkappaB protein within the NF-kB signaling module. Cell
2007; McLean et al. Cross-talk and decision making in MAP kinase pathways. Nat Genet 2007; Ashall et al.
Pulsatile Stimulation Determines Timing and Specificity of NF-kB-Dependent Transcription. Science 2009; Becker
et al. Covering a broad dynamic range: information processing at the erythropoietin receptor. Science 2010

Gene regulatory networks McAdams and Shapiro. Circuit simulation of genetic networks. Science
1995; Yue et al. Genomic cis-regulatory logic: Experimental and computational analysis of a sea urchin gene.
Science 1998; Von Dassow et al. The segment polarity network is a robust developmental module. Nature
2000; Elowitz and Leibler. A synthetic oscillatory network of transcriptional regulators. Nature 2000; Shen-Orr et
al, Network motifs in the transcriptional regulation network of Escherichia coli. Nat Genet 2002; Yao et al. A
bistable Rb-E2F switch underlies the restriction point. Nat Cell Biol 2008; Friedland. Synthetic gene networks
that count. Science 2009

Pharmacometrics models Labrijn et al. Therapeutic IgG4 antibodies engage in Fab-arm exchange with
endogenous human IgG4 in vivo. Nat Biotechnol 2009

Physiological models Noble. Modeling the heart from genes to cells to the whole organ. Science 2002;
Izhikevich and Edelman. Large-scale model of mammalian thalamocortical systems. PNAS 2008

Infectious diseases Perelson et al. HIV-1 dynamics in vivo: Virion clearance rate, infected cell life-span,
and viral generation time. Science 1996; Nowak. Population dynamics of immune responses to persistent

viruses. Science 1996; Neumann et al. Hepatitis C viral dynamics in vivo and the antiviral efficacy of interferon-
alnha theranvy Science 1008



Computational models on the rise
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Modelling chemical kinetics



Systems Biology models # ODE models

m  Reconstruction of state variable evolution from process
description:

Processes can be combined in ODEs (for deterministic simulations);
transformed in propensities (for stochastic simulations)

Systems can be reconfigured quickly by adding or removing a
process

A P continuant
, qgccurren
BGN >R
substances ! are : - : that substances
! ! tion R 1
Aand B consummed by! reaction ! produces Pand Q
SB0O:0000240 : SBO:0000394 ;SBO:0000375; SBO:0000393 ! SBO:0000240

material entity : consumption : process : production material entity
I I I
i i i
! ! i
| I I
. i Species i Kinetic i Species .
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P i Reference ;| Law | Reference P
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ATP is consumed by processes 1 and 3, and produced by processes 7 and 10



Statistical physics and chemical reaction




Statistical physics and chemical reaction

Probability to find an
object in a container
within an interval of time




Statistical physics and chemical reaction

Probability to find an
object in a container
within an interval of time

P(reaction-++) = P(+) X P(s) X P( reacts with )
P(reaction ) = P(-) x P(-reacts)
P(reaction-+-) = P(s) X P(s) x P(-reacts with )



Law of Mass Action

Waage and Guldberg (1864)

activity

rate-constant l stoichiometry

v :\kz : Ha?i/
Va ;

velocity




Law of Mass Action

Waage and Guldberg (1864)

activity

rate-constant l stoichiometry

v :\kz : Ha?i/
Va ;

velocity

v==%k- H P,an gas
v =k . H[Xz]nz solution




Evolution of a reactant

= Velocity multiplied by stoichiometry
®m negative if consumption, positive if production

. . k
= Example of a unimolecular reaction r — y
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m Velocity multiplied by stoichiometry
®m negative if consumption, positive if production

. . k
= Example of a unimolecular reaction r — y

dlz]
dt
d|y]

=—1-v=-1-k-|x]



Evolution of a reactant

m Velocity multiplied by stoichiometry

®m negative if consumption, positive if production

. . k
= Example of a unimolecular reaction r — y

dlz]
dt
d|y]

dt

:—1-’0:

—1-k-[z]

+1-k-|z]

[x],

[x],/2
[x],/e

\
In2/k 1/k



Reversible reaction

11 20 — y;vl = k1 - [z]°
2 = Y is equivalent to
k2 y — 2x;v2 = k2 - |y]



Reversible reaction

11 20 — y;vl = k1 - [z]°
2 = Y is equivalent to
k2 y — 2x;v2 = k2 - |y]

d
%:_2,vl+2.U2:—2ok1-[:1:]2+2'k2'[y]

d
%:+1.U1—1-v2=+1-k1-[w]2—1°k2'[y]



Example of an enzymatic reaction

k1
E+SfES§E+P



Example of an enzymatic reaction

k1
E+ 8§ = B Epiyp

d[S|/dt = —ki[E][S] +ka]F5]

d Pl/dt = +ks|
diE|/dt = —ki[E]|S]  +ka[F5] +ks]
dlS)/dt = R [E|[S] —ko[5] ksl




Example of an enzymatic reaction

k1
E+ 8§ = B E4+p

d[S|/dt = —ki[E][S] +ka]F5]

d Pl/dt = +k3|
diE|/dt = —ki[E]|S]  +ka[F5] +ks]
dlS)/dt = R [E|[S] —ko[5] ksl

[X]

Not feasible in general
* = Numerical integration

\»t




Numerical integration

Euler method:
dix]/dt = ([x] , - [x]) /At [X]A
[X] = [x]t + d[x]/dt . At

t+At




Numerical integration

Euler method:
dix]/dt = ([x] , - [x]) /At [X]A
[X] = [x]t + d[x]/dt . At

t+At

[P].., = [P] + k,[ES] . At

[E],,, = [E] + ((k+ k;)[ES]- K [EL[S]) . At
[S],., =[S, + (,[ES], - k,[EL[S]) . At
[ES].., = [S] + (K[E1[S] - (k,+k,)[ES]) . At



Numerical integration

Euler method:
dix]/dt = ([x] , - [x]) /At [X]A

[x],.,. = [x] + d[x]/dt . At

[P].., = [P] + k,[ES] . At
[E],, = [E] + ((k,+ K,)[ES]- k,[E][S],) . At
[S1,.,. = [S], + (K,[ES] - k,[E1[S]) . At

[ES],.,. = [S] + (k,[EL[S] - (k,+k,)[ES]) . At

t+At

t+At

t+At

4" order Runge-Kutta:
[x],,, = [x] + (F,+2F +2F +F )/6 . At

t+At

with F, = d[x)/dt = f([x], t)
F o= f(Ix], + At/2 . F, t+ At/2)
F.= f(Ix], + At/2 . F, t+ At/2)
F, = f(Ix], + At . F, t+ At)




Choose the right formalism

kds kcat kap d[P]
E+S=*—» ES™*———» EP *=———» E+P = kdp[EP] - kap[E][P]
kas kcat kdp dt



Choose the right formalism

kds kcat kap d[P]

E+S=*—» ES™*———» EP *=———» E+P = kdp[EP] - kap[E][P]
kas kcat kdp dt
kds kcat ka

E+S<*—» ES ——— » EP *=——— E+P catalysisirreversible



Choose the right formalism

kds kcat kap d[P]
E+S=*—» ES™*———» EP *=———» E+P = kdp[EP] - kap[E][P]
kas kcat kdp dt
kds kcat ka
E+S <k:> ES — » EP ®*——% E+4P catalysisirreversible
as P
ksa kcat product is consumed
E+S *—— ES ———» E+P

ksd before rebinding



Choose the right formalism

kds kcat kap d[P]
E+S<*——» ES™*———» EP *——» E+P = kdp[EP] - kap[E][P]

kas kcat kdp dt

kds kcat ka
E+S<*—» ES ——— » EP *=——— E+P catalysisirreversible

as o

E4S <|<SL ES kcat E4p product is consumed

ksd before rebinding

@ d[P] [E] kcat
S > P steady-state ot = n
1+——

[S]




Enzyme kinetics

Victor Henri (1903) Lois Générales de I'Action
des Diastases. Paris, Hermann.

Leonor Michaelis, Maud Menten (1913). Die
Kinetik der Invertinwirkung, Biochem. Z. 49:333-
369

George Edward Briggs and John Burdon
Sanderson Haldane (1925) A note on the
kinetics of enzyme action, Biochem. J., 19: 338-
339




Briggs-Haldane on Henri-Michaelis-Menten

E+S:¢1ES’3E+P i — FelES]

[El=[E,]-[ES]

A28 hlBlS) ~ k(B8] - kES] =0
B8] g = (] ~ [ES]
k)
5] = ,
e ESI+ 72 = [E
K, = = ;_ k2 1
1 [ES] = [Eﬂ] T K,
[S]
[ES] = [?]Lf] diP] o S s, [S]




Briggs-Haldane on Henri-Michaelis-Menten

E+S 2 Es®BEL+Pp AP _ yoies)

k_1

[E1=[E, - ES]
@—m E)[S] - k- [ES]I@,[D
.

steady-state!!! ESig = Bl - (£
h
[ES)(1+ ﬁ) = [Eq]
K, — k—lg:lr ks B8] = (Bl
* st
ES] = [?Lf] a1 | s




Generalisation of modulation

—m You=rw




Generalisation: activators

- Yovekw

d[x]/dt

o —0—|n =y



Generalisation: activators

- Yovekw

d[x]/dt

W —0— 8 5 "V Kar

Ka log[a]



Origins of ultrasensitivity: Bohr
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Bohr C (1903) Theoretische behandlung der quantitativen verhaltnisse
bei der sauerstoff aufnahme des hamoglobins Zentralbl Physiol 17: 682



Origins of ultrasensitivity: Hill

iv PROCEEDINGS OF THE PHYSIOLOGICAL

The possible effects of the aggregation of the molecules
of hemoglobin on its dissociation curves. By A. V. HiLt.

In a previous communication Barcroft and I gave evidence which
seemed to us to prove conclusively that dialysed hamoglobin consists
simply of molecules containing each one atom of iron. The molecular
weight is therefore Hb = 16,660. These experiments have not been
published yet, but I shall assume the results.

Other observers (Reid, Roaf, Hiifner and Gansser) working on
different solutions have obtained divergent results. The method used
by all of them was the direct estimation of the osmotic pressure, by
means of a membrane permeable to salts, but not to hemoglobin. The
method involves a relatively large error, because the quantity measured
is small. It is doubtful however whether this can exzplain the dis-
cordant results.

Our work led me to believe that the divergence between the results
of different observers was due to an aggregation of the hamoglobin
molecules by the salts present in the solution, a consequent lowering of
the number of molecules, and an increase in the average molecular
weight as observed by the osmotic pressure method. To test this
hypothesis I have applied it to several of the dissociation curves
obtained by Barcroft and Camis with hamoglobin in solutions of
various salts, and with hamoglobin prepared by Bohr's method,

The equation for the reaction would be

Hb +0, == HbLO,,
Hb, + n0,== Hb,0,,,

where Hb, represents the aggregate of n molecules of Hb. I have
supposed that in every solution there are many different sized
aggregates, corresponding to many values of n.

If there were in the solution only Hb and Hb, the dissociation
curve would be

K'a? K
yﬂlm+{lm—l)i—m ............... (A),

where 1%/, is as Hb,, (100 — 1)/, as Hb, K" is the equilibrium constant
of the reaction Hh, + 20, = Hb,0, and K that of Hb + 0, === HbO,:
K has the value ‘125 (Barcroft and Roberts).

Hill AV (1910) The possible effects
of the aggregation of the molecules
of haamoglobin on its dissociation
curves. J Physiol 40: iv-vii.
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Phenomenological ultrasensitivity

d[x]/dt
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d[x]/dt

dl _,
dt Ka + [a]
d[z| a)?




Phenomenological ultrasensitivity

d[x]/dt

dl _,
dt Ka + [a]
A _, o

dt Ka? + |a)?
d[z| a]”




Generalisation: inhibitors

—m You=rw

Ki logli]



Generalisation: activators and inhibitors

N —0—[x WZU(:k'[Q])




absolute Vs relative activators




absolute Vs relative activators

d[z] a] d[z] a]
b R 2 (1 .
dt Ka + |a] dt (1+a Ka—|—[a])
St d[x1/dt
A V(1+oc)A

\

Ka log[al
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a stable level with a
dynamic system?
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Many many software exist

QML.DI“Q The Systems Biology Markup Language

% mMews Documents Downloads Forums Facilities Community Ewvents About &

Parent pages: SBML.org

SBML Software Guide

The following summarize all SEML-compatible systems known to us, The matrix provides an at-a-glance summary,
wheareas the summary provides longer descriptions of each software or project groupead by themes,

Mumber of software packages listed in the matrix today: 214.

Plzase use the survey form & to notify us about additions and suggestions.
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Go to the SBML Software

Go to the SBML Software
Matrix Summary

Historical trend
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