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Trouble with complex systems

Things we understand easily

Separate entities
Small numbers
Direct effects
Causal chains

.. but living systems are

Continuous
Complex
Dynamic
Adaptive
Stochastic
Evolved
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Anatomy of a metabolic system

Threonine pathway in E. Coli
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Anatomy of a metabolic system

Threonine pathway in E. Coli
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Anatomy of a metabolic system

Threonine pathway in E. Coli
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Anatomy of a metabolic system

Threonine pathway in E. Coli
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Anatomy of a metabolic system

Threonine pathway in E. Coli
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Dynamic laws for metabolic networks

derived from balance of concentrations

o

M 0 OH
JK_/\/ OH H':'J\;/-\CHG
NH, O- P OH :
o H,
A > B » C
Homoserine O-phospho- Threonine

homoserine



Dynamic laws for metabolic networks

derived from balance of concentrations

o

M 0 OH

JK_/\/ OH H':'J\;/-\CHG
NH, O- P OH :
o H,
Vi Vs

A » B » C

Homoserine O-phospho- Threonine
homoserine

Reaction velocities

=v1(a, b)
=V,(b,c)

Balance equations
da/dt=-v,
db/dt=v,—v,
dc/dt=v,



Dynamic laws for metabolic networks

derived from balance of concentrations

Reaction velocities

NHﬁ NH, O—E—OH Nrg V1:V1(a: b)
Vi vy v,=V,(b,c)

A » B > C

Homoserine 0-phospho- Threonine Balance equations
homoserine
da/dt=—v

stoichiometric kinetic law for dc/dt=v,
coefficient reaction velocity

/ d_t _Z nlkvk 5&,1—5)

concentration | \ o
change all concentrations all kinetic parameters




Levels of modelling in systems biology

Transcription
factors

'

Aspartate

1. Pathway analysis |
Flux balance, substance transformation,... ¢< 72.

2. Kinetic modelling
Parameter fitting, model selection,...

3. Control and bifurcation analysis
Sensitivities, qualitative behaviour, ...

4. Optimality / Shaping by evolution
Robust design, cost-benefit calculation,...

5. Model integration
Modularisation, experimental standards, ... #‘ ””””




Essential views on complex systems

Modularity

Global modes



Modularity



Modularity

Basic assumption in natural sciences

Many biological systems look modular
(and many don't)

The whole is more .. is more
than the sum of its parts

Modular modelling calls
for experimental standards

QML Systems Biology
Markup Language http://sbml.org



SBMLmerge L

for computer-assisted model integration .

Threonine pathway KEGG chart “Glycine, serine and threonine metabolism”
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SBMLmerge

. . . SBME
for computer-assisted model integration .

Merged model
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Turn modules into simple black boxes
Model reduction by balanced truncation

system environment
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Sensitivity analysis



Metabolic control theory

Overall effects of local perturbations
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Metabolic response coefficients

Summarising the infinite causal chains

Parameter change Ap
One enzyme overexpressed...

m

\J

Metabolic change First-order approximation
Altered concentrations? s,
Redirected fluxes? As; NRpmA P



Spectral response coefficients

Systemic response to forced oscillations

Sine wave
Perturbation
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Perturbed
Reaction

W. Liebermeister (2005), J. Theor. Biol. 234 (3), 423-438
Yeast glycolysis model: F. Hynne et al (2001), Bioph. Chem. 2001 94 (1-2), 121-63



Spectral response coefficients
Resonance in noise spectra: a systemic property

Feedback system
below Hopf bifurcation

T'ﬁ" 1.5
k..
: =
2 1r
B
=2
@
©
C_E 05+
©
@
ol |
O 0 - -
/S 0 0.5 1 1.5
/. y
Intrinsic noise Frequency o (s™ )

due to small particle numbers

W. Liebermeister (2005), J. Theor. Biol. 234 (3), 423-438
Network model: T. Wilhelm and R. Heinrich, J. Math. Chem. 17 (1995), 1-14



Modes of collective behaviour



Global modes in complex systems

Effective variables to describe collective motion

Vibration mode of an elastic plate




Global modes in complex systems

Effective variables to describe collective motion

Vibration mode of an elastic plate

oscillatory coefficients

s<t>=a1</£)*@+a:<t>{s;+a3<t>»@;+..

/V

overall shape \ //

basic modes



Elementary flux modes

A quantitative definition for metabolic pathways

Pyr

T Flux distribution
ADP {EP ’/
Eno
2PG - Y 1.
v=a,k,+a,k,+...
3PG
ATP
Pgk \ /
wor L _po e e o 2% e Elementary modes
i) \TpiA NaD  MNADH
ATP  ADP DRAP

S. Schuster et al (2000), Nat. Biotech. 18, 326-332



Model reduction is based on collective modes
Balanced truncation preserves only the dominant global behaviour

system environment
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Liebermeister W., Baur U., Klipp E. (2005), FEBS Journal, 272 (16), 4034 - 4043



Global modes in microarray data

Gene expression during the cell cycle
o0, Alpha cdel5 cdc28 Elu

T HES EET EET BT E BT BT S

M/G1

Gl

Data from:
P. Spellman et al (1998), Mol. Biol. Cell 9, 3273-3297



Global modes in microarray data

Independent component analysis
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Network component analysis

Global modes reflect the activity of transcription factors

Amino acid added
Asp Asn Met Lys Leu Glu Arg Ser Cys Trp Phe All

.

3'E h$§}L_

Systems

f—-zr s -‘H.
F-‘r | IE_' i -
-+ r-al"- -

L '.J.. | r.a. '

Absorbance
001 0415 \

0.1 1.0 3.0

Relative to no
amino acid reference

Transcription rates of amino acid biosynthesis genes
Zaslaver et al (2004), Nat Genet 36, 486-491



Network component analysis

Global modes reflect the activity of transcription factors

Transcription factors

\ ~ Genes activation
Y y 3 inhibition
argh ST DN dual

ik C
w asnC —d asns -

TF activities

inferred from NCA

Transcription network
from RegulonDB

Promoter activities

Zaslaver et al (2004),
Nat Genet 36, 486-491



Inferring new reqgulatory interactions

Use putative connections and good fit of NCA model

amFiyrd
amoLbO383amii

cysB
=R

N et ly=R
ihY activation
inhibition
dual

I yojc iheY

asnic

asnic

Initial network: Selecting of arrows
Known and putative arrows supported by expression data



Trouble with complex systems

Things we understand easily

Separate entities
Small numbers
Causal chains
Direct effects

.. but living systems are

Continuous
Complex
Dynamic
Adaptive
Stochastic
Evolved
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Metabolic response coefficients

Reaction elasticities
Local response (system clamped)

Ek:de(X,p) _n_k:dvk(le>
1 dx, " dp,,

Change in substrate Change in enzyme

Response coefficients
Global systemic response

Steady state
concentrations / fluxes

Aspartate Hysine
v 2724 |
Aspartyl-P
V< ~1.2.1.11
Asp semiald
v 1113 |
Homoserine ~
v 127139 |
P-Homoserine
yo. 4231
Threonine
R°=(Ne) 'Nm

Control coefficients matrix C>




SBMLmerge

helps to couple kinetic models SEMS

me

Annotate the model elements http://sysbio.molgen.mpg.de/SBMLmerge/

String search in data bases
Automatic recommendations

Check the model for problems

Syntax (low-level validity of SBML code)

Semantics  (annotations and their ontology)

Mathematics (order of computation,...)

Physics (thermodynamics, conservation laws, ...)
Biology (parameter ranges, properties of organism,...)

Model merging, accounting for

Redundant model elements
Conflicting information
Logical cycles



ICA is a matrix decomposition
... based on the assumption of statistical independence

Data matrix Hidden

¥ / factors

X =S A+noise

/4

Input weights

componant B

N :
+ ..-_ -
>< samples mades samples
5
I
1

= W. Liebermeister (2002), Bioinformatics 18, pp. 51-60.



NCA is also based on a matrix decomposition
.. and accounts for the transcriptional network

time transcr. factors

L LR
aiaialdudi S

’

genes

Rebb ek KRl S £
HMFEFEEEN = " M £ # }
TR . |
PRI P | n o 5 1“ |Jf'"| H L ufl 1 lh
FEFRRIRY 1 n |
L'U.U.LL "iH i s Transcription factor

activities

Transcription rates

experimental Gene input weights

connections constrained by network



Gene input functions
Example: Lac operon in E. Coli

RMA-
AR palymerase-  start site for RNA synthesis
binding  binding site
sita |pramater)
o m——
I 1
operator lagd gane
RO 4[] 1 a0 =11
I I | . L . nucleotide pairs
+ GLUCOSE OPERCMN QOFF
+ LACTOSE because CAF not bound
. rEpressor
+ GLUCOSE QPERDOM OFF bioth because
LACTOSE las repressor baund and
becawse CAP not bound
GLUCOSE - e OPEROMN OFF because
LACTOSE e - e lac: repressor hound
GLUCOSE e
+ LACTOSE QOPERDOMN QN

Drawing from www.ncbi.nlm.nih.gov/books/
Alberts et al, Molecular biology of the cell
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Y. Setty, et al (2003). Detailed map of a cis-regulatory
input function. PNAS, 100(13):7702-7707



Fuzzy metabolic networks

What if parameters are uncertain?

400 400
300 300
£ £
2 200 2 200
(] (]
100 100
0 0
0 b 1 15 0 5 10
Parameter KM Parameter Kﬁ
400 400
300 300y
£ £
2 200 a 200
] 4]
100 100
DD m;rg 20 DD 5 -.Jéd 20
Parameter ‘u’fc F’arameher ‘u’mﬂk

Parameters for reaction E1
are uncertain (statistical distribution)

Liebermeister W., Klipp E. (2005), IEE Proc. Systems Biology 152 (3) pp. 97-107



Fuzzy metabolic networks

What if parameters are uncertain?

E1 D.96496

EZ DB&O7EZ2

E3 0.2491
|
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EE 0.28434
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Probabilities of forward flux
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Distribution of reaction velocities

Liebermeister W., Klipp E. (2005), IEE Proc. Systems Biology 152 (3) pp. 97-107



Fuzzy metabolic networks

Studying the effects of parameter variability

i
= linear
3= ap praximation
\ sbpe=RH
" widhR g
In y{ln p)
.'--.-. =
\"\-.\.
Ing * In p

Log-normal, correlated
parameter distributions

Liebermeister W., Klipp E. (2005), IEE Proc. Systems Biology 152 (3) pp. 97-107



