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Goals.

Structural biology

Sequence = Structure = Function

Systems biology

Genome = Proteome — Dynamics of cells and organisms

3. Design of genetic and metabolic model systems, which allow
for optimization through evolution and which provide
explanations for the unigue properties of living cells and
organisms like robustness, homeostasis, and adaptation to

environmental changes.
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1. Biochemical Pathways
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The reaction network of cellular metabolism published by Boehringer-Ingelheim,
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Albert-Laszl6 Barabasi,

Linked — The New Science of Networks
Perseus Publ., Cambridge, MA, 2002

Bell Curve Power Law Distribution

Very many nodes
Most nodes have with only a few links

the same number of links

A few hubs with

No highl
il Jarge number of links

connected nodes

Number of nodes with k links

Number of nodes with k links

Figure 6.1 Random and Scale-Free Networks. The degree distribution of a
random network follows a bell curve, telling us that most nodes have the same
number of links, and nodes with a very large number of links don'’t exist (top left).
Thus a random network is similar to a national highway network, in which the
nodes are the cities, and the links are the major highways connecting them. Indeed,
most cities are served by roughly the same number of highways (bottom left). In
contrast, the power law degree distribution of a scale-free network predicts that
most nodes have only a few links, held together by a few highly connected hubs (top
right). Visually this is very similar to the air traffic system, in which a large number

of small airports are connected to each other via a few major hubs (bottom right).




Formation of a scale-free network through evolutionary point by point expansion: Step 000



Formation of a scale-free network through evolutionary point by point expansion: Step 001



Formation of a scale-free network through evolutionary point by point expansion: Step 002



Formation of a scale-free network through evolutionary point by point expansion: Step 003



Formation of a scale-free network through evolutionary point by point expansion: Step 004



Formation of a scale-free network through evolutionary point by point expansion: Step 005



Formation of a scale-free network through evolutionary point by point expansion: Step 006



Formation of a scale-free network through evolutionary point by point expansion: Step 007



Formation of a scale-free network through evolutionary point by point expansion: Step 008



Formation of a scale-free network through evolutionary point by point expansion: Step 009



Formation of a scale-free network through evolutionary point by point expansion: Step 010



Formation of a scale-free network through evolutionary point by point expansion: Step 011



Formation of a scale-free network through evolutionary point by point expansion: Step 012
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RNA sequence RNA sequence that forms
the structure as minimum
free energy structure

Iterative determination
of a sequence for the

RNA folding: given secondary Inverse folding of RNA:

_ structure _
Structural biology, Biotechnology,

spectroscopy of Inverse Folding design of biomolecules
biomolecules, Algorithm with predefined
understanding structures and functions
molecular function

RNA structure RNA structure
of minimal free
energy

Sequence, structure,
and design through
inverse folding



Kinetic differential equations

dx

ap = TR0 )t k= k)

Reaction diffusion equations
OX

= D V*x + f(x;k)
ot

General conditions: T, p,pH, I, ..
Initial conditions:  X(0)

Boundary conditions:
boundary ... S, normal unit vector ...0

Dirichlet : ~ x° =g(r,t)

Neumann : o =0G-Vx®=g(r,t)
ou

The forward problem of chemical reaction kinetics (Level 1)



Kinetic differential equations

‘31‘ = F(6GK); x=(x %) s k=(k;.. .. k)

Reaction diffusion equations

ox _ D V2x + f (x; k)
ot

General conditions: T, p,pH, 1, ..
Initial conditions:  X(0)

Genome: Sequence Ig

Boundary conditions :
boundary ... S, normal unit vector ... 0

Dirichlet :  x° = g(r,t)

Neumann : X _ U-Vx*=g(r,t)
ou

The forward problem of biochemical reaction kinetics (Level I)



Genome: Sequence |g

The inverse problem of biochemical
reaction Kinetics (Level I)

Kinetic differential equations
dx

o f(x;K); X=(%,0 .o, ) K=(Ky,o. K )

Reaction diffusion equations
X _pvixs f(x;k)
ot
General conditions : T, p,pH, I, ..
Initial conditions : X (0)

Boundary conditions :
boundary ... S, normal unit vector... u

Dirichlet:  x° =g(r,t)

aij =0-vx*=g(r,1)

Neumann:



Kinetic differential equations

(:If[( = F(X;K); X=(X0 %) s k=(K,e 0Ky

Reaction diffusion equations

X _p VZx +f(x; k)
ot

General conditions : T, p,pH, I, ...
Initial conditions : X (0)

Genome: Sequence |g

Boundary conditions :
boundary ... S, normal unit vector ... &

Dirichlet:  x°=g(r,t)

Neumann : 2)( =0-Vx®=g(r, 1)
u

The forward problem of bifurcation analysis (Level 1)



Genome: Sequence |g

The inverse problem of bifurcation
analysis (Level II)

Kinetic differential equations

(;1( = F(XK); x=(X,.. . X,) s K=(Ky,e . K,)
Reaction diffusion equations
% _ pvixs f(x;k)
ot

General conditions: T, p,pH, I, ..
Initial conditions:  X(0)

Boundary conditions:
boundary ... S, normal unit vector...

Dirichlet:  x°=g(r,t)

ox _ 0-vx®=g(r,t)
u

Neumann:



4. Reverse engineering — A simple example



Stock Solution [A]l =ag —> Reaction Mixture [A],[X] —>
r (0] 1)

A+2 X = 3X
Ky Flow rate I =Tt
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r Kinetic differential equations:

* — A
d[A] da
Ejt]:dt:r(ao—a)—(kl+k3x2)a+(k2+k4x2)x
“ d[X] _d
X
A ki X ([jt]zdt=—rx+(k1+k3x2)a—(k2+k4x2)x
K3
A+2 X <= 3X
Ky
r
A — 0



r Kinetic differential equations:

* — A
dA] d
Ejt]:£:r(a0—a)—(kl+k3x2)a+(k2+k4x2)x
Ky
A =X d[X]:dx:—rx+(k1+k3X2)a—(k2+k4X2)X
K, dt  dt
ks Steady states:
A+2 X = 3X
Ky X2 (K, +k,) — x>k, a, + X (k +k, +1) —k a, =0
r
A -0



r Kinetic differential equations:

* — A
dA] d
Ejt]:£:r(a0—a)—(kl+k3x2)a+(k2+k4x2)x
ki
A =X d[X]:dx:—rx+(k1+k3X2)a—(k2+k4X2)X
K, dt — dt
ks Steady states:
A+2 X = 3X
Ky X2 (K, +k,) — x>k, a, + X (k +k, +1) —k a, =0
A L 0 k=k,=a, k=k,=1 2X°-X*g, +X(r+20)—0.a,=0



A+2 X

3X

Kinetic differential equations:

d[A] da

Ejt]:dt: r(a, —a) — (k+kyx*)a+ (k, +k,x*) x
d[X] dx

([]lt]zdt=—rx+(k1+k3x2)a—(k2 +k, x*) x
Steady states:

XS(k3+k4)—$(2 kya, +X (K +k, +r) -k a, =0
k=k,=a, k=k,=I 2X3—X280 +X(r+20)-oa,=0

Polynomial discriminant of the cubic equation:
2 4

a a
216D =1 +1" (6o —~2) + r(120.2 —508,”) + 80 ° +40 28, + 0 =0




A+2 X

3X

Kinetic differential equations:

d[A] da

Ejt]:dt: r(a, —a) — (k+kyx*)a+ (k, +k,x*) x
d[X] dx

([]lt]zdt=—rx+(k1+k3x2)a—(k2 +k, x*) x
Steady states:

XS(k3+k4)—$(2 kya, +X (K +k, +r) -k a, =0
k=k,=a, k=k,=I 2X3—X280 +X(r+20)-oa,=0

Polynomial discriminant of the cubic equation:
2 4

a a
216D =r® +r? (60c—§)+ r(120.2 —508,°) + 8% + 4o 2a,’ + 50

D <0: 3roots rq, rp,and rg, 2 are positive = Ar=r1-r2

=0



Range of hysteresis as a function of the parameters a, and o
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A+B— X Stoichiometric equations

2X—>Y Sequences
Y +X - D l v
SBML — systems biology markup language Vienna RNA Package

%:%:—klab Structures and kinetic
o Kinetic differential equations €———  parameters
E:klab—kzxz—k?)xy l
d
d—y =k, x* —k; xy ODE Integration by means of CVODE

ﬂ:k3xy l eeie, ot

xi (t) Solution curves

N\

Concentration

Time

The elements of the simulation tool MiniCellSim
SBML.: Bioinformatics 19:524-531, 2003; CVODE: Computers in Physics 10:138-143, 1996



DNA string

RNA and protein
structures

enzymes and small
molecules

cell membrane

environment

ATGCCTTATACGGCAGTCAGGTGCACCATT . . .GGC enotype
TACGGAATATGCCGTCAGTCCACGTGGTAA. . .CCG ~ B¢MotYP
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genotype-phenotype mapping

genetic regulation network

pAenotype

Metabolism metabolic reaction network

transport system

Recycling of molecules

The regulatory logic of MiniCellSym

waste



-1 gene regulation

transcription

recycling
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translation T'+P

metabolism

The chemical reaction dynamics of MiniCellSym



| Promotor |

State L | |
basal state M““M““““““MMMM“MMMMM
Activator binding site Repressor binding site
RNA polymerase
| Promotor Transcribed, processed, and
State II: | translated into protein >

active state ,
Activator Repressor binding site

RNA polymerase

Active states of gene regulation



| Promotor |

State I1I: | |
Inactive state
Activator binding site pres
RNA polymerase
l Promotor |
State III:

inactive state

| |
NNV A ANVNRNNAN

RNA polymerase

Inactive states of gene regulation



Gene activity for cooperative
binding of activator and inhibitor
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e The model genome ———o—mo0o—o——------ >

-repressor Genetic message
site TATA-Box
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The model gene in MiniCellSim



pSC101
origin

: tetR-lite
A cl— Lacl

APR K
laci-lite :
A cl-ite

P tet01

The repressilator: M.B. Ellowitz, S. Leibler. A synthetic oscillatory network of transcriptional
regulators. Nature 403:335-338, 2002



Stable stationary state

Hopf bifurcation
'T‘C“?a.s 'Ng Limit cycle oscillations
inhibitor
strength

Bifurcation to May-Leonhard system

Fading oscillations
caused by a stable
heteroclinic orbit
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The repressilator limit cycle (logarithmic time scale)
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The repressilator heteroclinic orbit (logarithmic time scale)
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Bifurcation from limit cycle

7\2<O to stable heteroclinic orbit
g at
2 7\«220

>
PZ \ C1

Stable heteroclinic orbit

A>>0
&2

>
P2 \ &1

Unstable heteroclinic orbit P2

The repressilator heteroclinic orbit

\\4



6. Evolution of genetic and metabolic networks



Evolutionary time: 0000
Number of genes: 12

06 structural + 06 regulatory

Number of interactions: 15

04 inhibitory + 10 activating +
+ 1 self-activating

Network formed by a random sequence of 200 nucleotides



Numbering and

color code
of genes

TFOO
TFO1

TFO2
TFO3
SPO4
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SPO9
TF10
SP11

00
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Evolution of a genetic and metabolic network:

Initial genome: Random sequence of chain length n = 200,
AUGC alphabet

Simulation with a mutation rate: p =0.01

Evolutionary time unit >> time unit of regulatory kinetics

Observed events:

(i) Loss of a gene through corruption of the
initiation signal “TA” (analogue of the TATA
box)

(i) Creation of a gene

(iti)  Change in the connections through mutation
driven changes in the binding affinities of
translation factors to the regulatory sites

(iv)  Genes may change their class (tf <sp)

Windows Media Player.Ink
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Conclusion and outlook on inverse problems

RNA minimum free energy folding and inverse folding for the design of
secondary structures.

Kinetic folding of RNA and design of molecules with multiple states and
predefined folding kinetics.

Computation of the dynamics of cellular genetic and metabolic networks
for known rate constants and its inverse problem (Level I).

Genetic and metabolic dynamics in parameter space and reverse
engineering of model systems with predefined full dynamical behavior
(Level II) seems doable. Mathematical tools can be applied successfully
also to multidimensional dynamical systems.

Random sequences give rise to functional networks in the model.

Evolution of small genetic and metabolic networks can be simulated
properly and with reasonable efforts.

Upscaling still remains a hard but challenging problem.



Acknowledgement of support

Fonds zur Forderung der wissenschaftlichen Forschung (FWF)

Projects No. 09942, 10578, 11065, 13093
13887, and 14898 Universitat Wien

Jubilaumsfonds der Osterreichischen Nationalbank

Project No. Nat-7813
European Commission: Project No. EU-980189
Austrian Genome Research Program — GEN-AU
Siemens AG, Austria

Universitat Wien and the Santa Fe Institute



Coworkers

Walter Fontana, Harvard Medical School, MA
Christian Reidys, Christian Forst, Los Alamos National Laboratory, NM
Peter Stadler, Birbel Stadler, Universitat Leipzig, GE
Josef Hofbauer, University College, London, UK
Robert Giegerich, Universitat Bielefeld, GE
Heinz Engl, Stefan Miiller, Johann Radon-Institut fir
Angewandte und Computergestiitzte Mathematik der

Osterreichischen Akademie der Wissenschaften, Linz, AT

Christoph Flamm, Ivo L.Hofacker,
Andreas Svréek-Seiler, Universitat Wien, AT

Stefanie Widder, Lukas Endler, Universitat Wien, AT
Ulrike Langhammer, Ulrike Miickstein, Stefan Bernhart

Universitat Wien



Web-Page for further information:

http://www.tbi.univie.ac.at/~pks
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