
Systems BiologySystems Biology
Signaling where to goSignaling where to go

Hans V. WesterhoffHans V. Westerhoff
andand
friendsfriends

BioCentrumBioCentrum Amsterdam and Manchester Interdisciplinary Amsterdam and Manchester Interdisciplinary BioCentreBioCentre
November 22, 2005November 22, 2005
OxfordOxford



Westerhoff Westerhoff Westerhoff et alet alet al ., Oxford,  051122., Oxford,  051122., Oxford,  051122 Systems Biology; signaling where to goSystems Biology; signaling where to go……..

aa Interactions & loops & emergenceInteractions & loops & emergence

aa Towards applications: NetworkTowards applications: Network--based drug design antibased drug design anti--
parasitesparasites

aa Silicon cellsSilicon cells

aa Systems Biology a science: laws and principlesSystems Biology a science: laws and principles

aa Improved understanding of multifactorial diseaseImproved understanding of multifactorial disease

aa Two paradigms for anti tumor drugsTwo paradigms for anti tumor drugs

aa What regulates function?  Gene expression or What regulates function?  Gene expression or 
metabolism?metabolism?

Systems Biology: Systems Biology: 
signaling where to gosignaling where to go
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Sequence, transcriptome, 
proteome, metabolome, ….

Soon we will know all molecules and their Soon we will know all molecules and their 
abundances……abundances……

So, we will understand all the facts,  or shall we?So, we will understand all the facts,  or shall we?
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Transcriptome, proteome

EdvardEdvard MunchMunch
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Systems Biology then?Systems Biology then?
But ‘this is only more But ‘this is only more 

computing’…..computing’…..

and ‘high throughput and ‘high throughput 
experiments’…….experiments’…….
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Signaling where to go…..Signaling where to go…..

aaThe essence of Systems Biology is not The essence of Systems Biology is not 
in computing or in high throughput in computing or in high throughput 
experimentationexperimentation

aaThe essence is:The essence is:
aaThe The emergent emergent properties of the properties of the 

networksnetworks
aaThe laws and principles that govern The laws and principles that govern 

how these arise from the ihow these arise from the interactionsnteractions
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How do I know?How do I know?

Systems Biology Systems Biology 
defined by defined by 
exampleexample

by many by many 
Systems Systems 
BiologistsBiologists



Systems Biology is not:Systems Biology is not:
genomegenome--wide molecular wide molecular 
biology or computingbiology or computing

but it is not just Physics but it is not just Physics 
eithereither
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The beauty of Physics is:

Cause 1Cause 1

Effect 1Effect 1 = = Cause 2Cause 2

Effect 2Effect 2
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The reality of Biology is:The reality of Biology is:

Cause 1Cause 1

Effect 1Effect 1

Effect 2Effect 2

= = Cause 2Cause 2

= = Cause 0Cause 0

=  Effect 0=  Effect 0
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(The reality of Modern (The reality of Modern 
Physics  isPhysics  is☺☺☺☺:):)

Cause 1Cause 1

Effect 1Effect 1

Effect 2Effect 2

= = Cause 2Cause 2

= = Cause 0Cause 0

=  Effect 0=  Effect 0
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Jan SteenJan Steen

What is it that we are What is it that we are 
looking for then?looking for then?
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Life arises not just in the isolated Life arises not just in the isolated 
molecules but in their communicationmolecules but in their communication

Jan SteenJan Steen

And loops are essential for this phenomenonAnd loops are essential for this phenomenon
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Life arises not just in the isolated Life arises not just in the isolated 
molecules but in their communicationmolecules but in their communication

Jan SteenJan Steen

And loops are essential for this phenomenonAnd loops are essential for this phenomenon



Where is the rub?Where is the rub?
of Systems’ Biology?of Systems’ Biology?

The properties that ariseThe properties that arise
in nonlinear interactionsin nonlinear interactions
……..……..

Through the Through the 
dynamicdynamic--
dynamic modes:dynamic modes:

The loopsThe loops

We need to We need to 
understand/manage understand/manage 
these modesthese modes
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Dogma of molecular biologyDogma of molecular biology

Genome

Transcriptome

Proteome

Metabolome
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MonodMonod: : laclac operonoperon

Genome

Transcriptome

Proteome

Metabolome
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True Cell BiologyTrue Cell Biology

Genome

Transcriptome

Proteome

Metabolome
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Integrative Systems Biology:Integrative Systems Biology:
How to deal with circular causalityHow to deal with circular causality

Genome

Transcriptome

Proteome

Metabolome
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Systems Biology should deal Systems Biology should deal 
with circular causalitywith circular causality

Vincent van GoghVincent van Gogh
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Does it always do so ………???Does it always do so ………???

aaCorrelationsCorrelations
aaBayesian networks ??? (Bayesian networks ??? (without the feedback without the feedback 

loops?????)loops?????)

aaFeedback & loops not often dealt with explicitlyFeedback & loops not often dealt with explicitly
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Loops are essential for Systems Loops are essential for Systems 
Biology and approaches Biology and approaches dodo existexist

Kholodenko, B. N., Kiyatkin, A., Bruggeman, F. J., Sontag, E., Westerhoff, H. V. & Hoek, J. B. (2002). 
Untangling the wires: A strategy to trace functional interactions in signaling and gene networks. Proc 
Natl Acad Sci U S A 99(20), 12841-6.
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aa Interactions & loops & emergenceInteractions & loops & emergence

aa Towards applications: NetworkTowards applications: Network--based drug design antibased drug design anti--
parasitesparasites

aa Silicon cellsSilicon cells

aa Systems Biology a science: laws and principlesSystems Biology a science: laws and principles

aa Improved understanding of multifactorial diseaseImproved understanding of multifactorial disease

aa Two paradigms for anti tumor drugsTwo paradigms for anti tumor drugs

aa What regulates function?  Gene expression or What regulates function?  Gene expression or 
metabolism?metabolism?

Systems Biology: Systems Biology: 
signaling where to gosignaling where to go
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Systems Biology is a Science 
……………………………

aaDefinitionsDefinitions

aaPrinciples/lawsPrinciples/laws

aaValidationValidation

aaUtilizationUtilization
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Rational (?) drug designRational (?) drug design

The GlnK 
trimer

The GlnK 
monomer

Xu, Cheah, Carr, Van Heeswijk, Westerhoff, 
Vasudevan & Ollis

aFigure out which enzyme should be 
inhibited to kill the parasite/tumor

aDesign inhibitor for the enzyme
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Elementary mode, minimum cut set Elementary mode, minimum cut set 
versus dynamic modelingversus dynamic modeling

aa Works for deletion Works for deletion 
mutantsmutants

aa To kill parasites/tumor To kill parasites/tumor 
cells inhibitors will have cells inhibitors will have 
to be usedto be used

aa These do not inhibit by These do not inhibit by 
100 %100 %

aa Dynamic model neededDynamic model needed
ATP
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Paradigm 1:Paradigm 1:
Network based Rational drug design first!Network based Rational drug design first!

The GlnK 
trimer

The GlnK 
monomer

Xu, Cheah, Carr, Van Heeswijk, Westerhoff, 
Vasudevan & Ollis

aaFigure out which enzyme should be Figure out which enzyme should be 
inhibited to kill the parasite/tumorinhibited to kill the parasite/tumor

aOnly then:
aDesign inhibitor for the enzyme
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Trypanosome metabolism

NetworkNetwork--based based 
drug design:drug design:

Where is the best Where is the best 
target?target?

??
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Network based drug designNetwork based drug design

aaKinetics of individual Kinetics of individual 
enzymesenzymes
aaCalculate which Calculate which 

reactions control  reactions control  
(limit) the flux(limit) the flux
aaDesign an inhibitor Design an inhibitor 

for those reactionsfor those reactions
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www.siliconcell.net

The silicon cell approach

aa If  important properties If  important properties 
stem from the stem from the 
interactions, then ..interactions, then ..

aa If we know the If we know the 
components and the components and the 
interaction properties…interaction properties…

aa We should be able to We should be able to 
calculate important calculate important 
propertiesproperties

aa And by checking these, And by checking these, 
verify we understand the verify we understand the 
biology.biology.

aa Or discover new Or discover new 
mechanismsmechanisms!!
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Linked to Linked to FEBS JournalFEBS Journal and and MicrobiologyMicrobiology

www.siliconcell.net
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Let us try…

http://www.siliconcell.net

http://localhost/index.html
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How to measure  whether an enzyme How to measure  whether an enzyme 
is limiting the fluxis limiting the flux

Flux versus enzyme activity

0
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Enzyme is not limitingEnzyme is not limiting

Enzyme activity

Fl
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Enzyme Enzyme isis limitinglimiting

activityenzymeindecreasepercentage
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A truly rate limiting step has C=1A truly rate limiting step has C=1

Flux versus enzyme activity
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How to measure  whether an enzyme How to measure  whether an enzyme 
is limiting the fluxis limiting the flux

Flux versus enzyme activity
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Definition of how important a process is for Definition of how important a process is for 
function: fluxfunction: flux--control coefficientcontrol coefficient

Relative change in flux caused by unit 
specific activation of an enzyme, at steady 
state

dlnei: activity (rate) modulation of process i

i
i
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Control coefficientControl coefficient

aaControl of a system property by a Control of a system property by a 
component activitycomponent activity
aaImportance of component activity Importance of component activity 
for that system propertyfor that system property
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Control of  glycolysis

?
?

?
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Silicon trypanosome: flux control is Silicon trypanosome: flux control is 
distributed distributed with some focus on with some focus on 
transportertransporter

Flux versus enzyme activity
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Flux versus Flux versus 
enzyme/gene enzyme/gene 
dosagedosage
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Physiological Physiological 
[glucose] ([glucose] (●●,,○○))

Experimental validation: control by Experimental validation: control by 
transport indeed approximately 0.5transport indeed approximately 0.5
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Where to Where to 
target drugs?target drugs?

The glucose The glucose 
transportertransporter
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DrugDrug--target paradigm 2 target paradigm 2 
(parasites)(parasites)

aaInhibit the step with the highest control Inhibit the step with the highest control 
on vital flux of parasiteon vital flux of parasite



However: genomics shows…..However: genomics shows…..

High homology between High homology between 
parasites and host:parasites and host:
⇒⇒PARADIGM 2 may not always PARADIGM 2 may not always 
workwork
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DrugDrug--target paradigm 3 target paradigm 3 
(parasites)(parasites)

aaInhibit the step with the highest Inhibit the step with the highest 
diffrerencediffrerence in control on vital flux between in control on vital flux between 
parasite and hostparasite and host
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Erythrocyte model Trypanosome model

Control over the ATP synthesis flux

Glucose transport has high 
control over the ATP synthesis 
flux in the parasite, but not in the 
erythrocyte!



Good news: it deliversGood news: it delivers

Bad (?) News: we need to Bad (?) News: we need to 
make silicon cells of more make silicon cells of more 
host tissueshost tissues
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aa Interactions & loops & emergenceInteractions & loops & emergence

aa Towards applications: NetworkTowards applications: Network--based drug design antibased drug design anti--
parasitesparasites

aa Silicon cellsSilicon cells

aa Systems Biology a science: laws and principlesSystems Biology a science: laws and principles

aa Improved understanding of multifactorial diseaseImproved understanding of multifactorial disease

aa Two paradigms for anti tumor drugsTwo paradigms for anti tumor drugs

aa What regulates function?  Gene expression or What regulates function?  Gene expression or 
metabolism?metabolism?

Systems Biology: Systems Biology: 
signaling where to gosignaling where to go
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Systems Biology is a Science 
……………………………

aaDefinitionsDefinitions

aaPrinciples/lawsPrinciples/laws

aaValidationValidation

aaUtilizationUtilization



Where did the 1 go?
(of THE rate limiting step
/
total limitation/importance)

Looking for a principle
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Silicon trypanosome: Silicon trypanosome: totaltotal flux control is 1flux control is 1

Flux versus enzyme activity
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The first law of Systems Biology:The first law of Systems Biology:
summation law for flux controlsummation law for flux control

Implication: steadyImplication: steady--state flux control need not be in state flux control need not be in 
single step; can be distributed, but must sum to 1single step; can be distributed, but must sum to 1

1.........
321

=++++ J
e

J
e
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e

J
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The old principle:The old principle:

aaThe first The first 
irreversible step in irreversible step in 
the pathway is the the pathway is the 
sole ratesole rate--limiting limiting 
(important) step(important) step

aaIs this correct?Is this correct?
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The new law:The new law:

aaTotal control is 1Total control is 1

aaControl may be Control may be 
distributeddistributed

aa Intuitive proof:Intuitive proof:
`̀increase all enzymes by increase all enzymes by 

1 %1 %
`̀Steady state Steady state 

maintained and flux up maintained and flux up 
by 1 %by 1 %



Integrative Systems Biology: Integrative Systems Biology: 

Laws in Biology???Laws in Biology???
With implicationsWith implications
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DrugDrug--target paradigm 2 target paradigm 2 
(parasites)(parasites)

aaInhibit the step with the highest control Inhibit the step with the highest control 
on vital flux of parasiteon vital flux of parasite
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Principles

aaWe want We want 
more!more!
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0 min 2 min 8 min 12 min

15 min 20 min 30 min 180 min

ERK-PP in single cells upon EGF stimulation

Green: total ERK
Red: ERK-PP
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ERK-PP profile upon EGF stimulation

Time mattersTime matters

Time profile of ERK activity is critical for the 
cellular response, e.g. Marshall (1995) Cell, Tombes et 
al. (1998) Biochem J., Cook et al. (1999) Mol. Cell. Biol.
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Systems Biology is a Science 
……………………………

aaDefinitionsDefinitions

aaPrinciples/lawsPrinciples/laws

aaValidationValidation

aaUtilizationUtilization
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relative change in concentration caused by a relative change in 
kinase activity
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relative change in concentration (or duration or area under the 
curve caused by a relative change) in kinase activity

Control coefficient
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Science …..

aaDefinitionsDefinitions

aaPrinciples/lawsPrinciples/laws

aaValidationValidation
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Huh, just sensitivity Huh, just sensitivity 
coefficients ….coefficients ….

aaCan you give a law they should obey?Can you give a law they should obey?
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Signal transduction:Signal transduction:
New laws (with proofs)New laws (with proofs)
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Signal transduction:Signal transduction:
New lawNew law
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Time + rates transformation Time + rates transformation 
invarianceinvariance
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Euler’s theory of Euler’s theory of 
homogeneous functionshomogeneous functions
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Euler’s theory of Euler’s theory of 
homogeneous functionshomogeneous functions
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Euler’s theory of Euler’s theory of 
homogeneous functionshomogeneous functions
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Signal transduction:Signal transduction:
New law (with proof)New law (with proof)
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Signal transduction:Signal transduction:
New law (with proof) for amplitudeNew law (with proof) for amplitude
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The new law as principleThe new law as principle

a Kinases together are equally important for amplitude as the 
phosphatases together (sum=0)

aa Kinases together are more important for concentration Kinases together are more important for concentration 
in the in the increasing increasing phase (phase (sum = positivesum = positive))

aa PhosphatasesPhosphatases together are more important for together are more important for 
concentration in the concentration in the decreasing decreasing phase (phase (sum =negativesum =negative))
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Signal transduction:Signal transduction:
New lawsNew laws
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The new laws as principlesThe new laws as principles

aaKinases together are equally important for Kinases together are equally important for 
amplitude as the amplitude as the phosphatasesphosphatases together together 
(sum=0)(sum=0)

aaPhosphatasesPhosphatases together are more important together are more important 
for duration (sum =for duration (sum =--1)1)
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The new law as principleThe new law as principle

aa Kinases together are equally important Kinases together are equally important for amplitudefor amplitude as the as the 

phosphatasesphosphatases together (together (sum=0sum=0))

aa PhosphatasesPhosphatases are more important for duration (are more important for duration (sum=sum=--11))

aa Kinases together are more important for concentration in the Kinases together are more important for concentration in the 

increasing increasing phase (phase (sum = positivesum = positive))

aa PhosphatasesPhosphatases together are more important for concentration in together are more important for concentration in 

the the decreasing decreasing phase (phase (sum =negativesum =negative))
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Systems Biology is a Science 
……………………………

aaDefinitionsDefinitions

aaPrinciples/lawsPrinciples/laws

aaValidationValidation

aaUtilizationUtilization



Westerhoff Westerhoff Westerhoff et alet alet al ., Oxford,  051122., Oxford,  051122., Oxford,  051122 Systems Biology; signaling where to goSystems Biology; signaling where to go……..

Systems Biology then?Systems Biology then?
But ‘this is only more But ‘this is only more 

computing’…..computing’…..

and ‘high throughput and ‘high throughput 
experiments’…….experiments’…….
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and now this b…. and now this b…. MathsMaths as as 
well?…….well?…….
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What was this mathematics good for?

aaTo show that some Systems Biology derives from To show that some Systems Biology derives from 
Mathematics, not from experiments: extra powerMathematics, not from experiments: extra power
aaTo show what one should sum over, i.e.To show what one should sum over, i.e.
aaNot ‘just sensitivity coefficients’: a special subset Not ‘just sensitivity coefficients’: a special subset 

related to the two main principles of related to the two main principles of 
biochemistry/molecular biologybiochemistry/molecular biology

0
1

)()( =−∑
=

n

i

tionconcentrat
t

tionconcentrat
i CC



Westerhoff Westerhoff Westerhoff et alet alet al ., Oxford,  051122., Oxford,  051122., Oxford,  051122 Systems Biology; signaling where to goSystems Biology; signaling where to go……..

Paradigm of biochemistryParadigm of biochemistry

aaEvery process is Every process is 
carried out carried out 
(catalyzed) by a (catalyzed) by a 
protein (enzyme)protein (enzyme)
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Paradigm of molecular biologyParadigm of molecular biology

aaEvery protein is Every protein is 
encoded by a encoded by a 
genegene
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Paradigm of systems biologyParadigm of systems biology

aaEvery system Every system 
property is property is 
determined by all the determined by all the 
processesprocesses

aaThis then relates This then relates 
every systems every systems 
property to proteins property to proteins 
and genesand genes
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aa Interactions & loops & emergenceInteractions & loops & emergence

aa Towards applications: NetworkTowards applications: Network--based drug design antibased drug design anti--
parasitesparasites

aa Silicon cellsSilicon cells

aa Systems Biology a science: laws and principlesSystems Biology a science: laws and principles

aa Improved understanding of multifactorial diseaseImproved understanding of multifactorial disease

aa Two paradigms for anti tumor drugsTwo paradigms for anti tumor drugs

aa What regulates function?  Gene expression or What regulates function?  Gene expression or 
metabolism?metabolism?

Systems Biology: Systems Biology: 
signaling where to gosignaling where to go
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Your suspicions about the Your suspicions about the 
importance of the importance of the oncogeneoncogene

aaSearch for Search for the the gene gene 
that causes cancerthat causes cancer

aa Implication: the sole Implication: the sole 
target?target?

aaYour suspicion:Your suspicion:
aaBiology is more Biology is more 

subtle than thissubtle than this
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Suggestion from Systems Suggestion from Systems 
BiologyBiology

aaControl not in a single gene, but Control not in a single gene, but 
distributeddistributed

aaBad news?:  all genes are Bad news?:  all genes are oncogenesoncogenes??

aaAgain perhaps: against you intuition; Again perhaps: against you intuition; 
Biology is less random than thisBiology is less random than this
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Example: model of signaling Example: model of signaling 
from EGFR to Rasfrom EGFR to Ras

Silicon Cell website
www.jjj.bio.vu.nl

Olivier and Snoep (2004) Bioinformatics
Snoep and Westerhoff (2005) Curr. Genomics
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Detailed kinetic model of signaling by EGF Schoeberl et al. (2002)
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aa Interactions & loops & emergenceInteractions & loops & emergence

aa Towards applications: NetworkTowards applications: Network--based drug design antibased drug design anti--
parasitesparasites

aa Silicon cellsSilicon cells

aa Systems Biology a science: laws and principlesSystems Biology a science: laws and principles

aa Improved understanding of multifactorial diseaseImproved understanding of multifactorial disease

aa Two paradigms for anti tumor drugsTwo paradigms for anti tumor drugs

aa What regulates function?  Gene expression or What regulates function?  Gene expression or 
metabolism?metabolism?

Systems Biology: Systems Biology: 
signaling where to gosignaling where to go



Towards further drug 
discovery/selection 
paradigms….
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DrugDrug--target paradigm 4 target paradigm 4 
((oncogenesisoncogenesis))

aaInhibit a step different from the process Inhibit a step different from the process 
enhanced by enhanced by oncogenesisoncogenesis
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DrugDrug--target paradigm 4 target paradigm 4 
((oncogenesisoncogenesis))

aaInhibit a step different from the process Inhibit a step different from the process 
enhanced by enhanced by oncogenesisoncogenesis

aaIs this always a good paradigm?Is this always a good paradigm?
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There are other players:There are other players:
adaptationadaptation

Hierarchical

Metabolic
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Using the laws:

aKinase and phosphatases have equal 
control on amplitude and steady state

aBut phosphatases have more control on 
duration and area under the curve

aHence the tumor should be disadvantaged 
in the latter
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Normal cell and adapted tumor cell Normal cell and adapted tumor cell 
(bottom) both in the presence of (bottom) both in the presence of 
kinase inhibitorkinase inhibitor

Amplitude the 
same: drug would 
have no effect

But:

Time 
matters……………..

Normal cell

Tumor cell
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Normal cell and tumor cell (bottom) Normal cell and tumor cell (bottom) 
both in the presence of kinase both in the presence of kinase 
inhibitorinhibitor

Amplitude the 
same: drug would 
have no effect

But:

Time 
matters……………..

Normal cell with 
drug

Adapted tumor 
cell with drug

Normal cell 
without drug
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DrugDrug--target paradigm 5 target paradigm 5 
((oncogenesisoncogenesis))

aaInhibit a step enhanced by Inhibit a step enhanced by oncogenesisoncogenesis if if 
the tumor cell has adapted stronglythe tumor cell has adapted strongly
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aa Interactions & loops & emergenceInteractions & loops & emergence

aa Towards applications: NetworkTowards applications: Network--based drug design antibased drug design anti--
parasitesparasites

aa Silicon cellsSilicon cells

aa Systems Biology a science: laws and principlesSystems Biology a science: laws and principles

aa Improved understanding of multifactorial diseaseImproved understanding of multifactorial disease

aa Two paradigms for anti tumor drugsTwo paradigms for anti tumor drugs

aa What regulates function?  Gene expression or What regulates function?  Gene expression or 
metabolism?metabolism?

Systems Biology: Systems Biology: 
signaling where to gosignaling where to go



Control  ≠ Regulation

Control: that what limits the 
phenomenon
Regulation: what the cell 
actually uses to change the 
phenomenon

Does the cell regulate its 
flux?????? Yes it does



But how does the cell But how does the cell 
regulate itself?regulate itself?

Through gene expression or Through gene expression or 
through metabolic through metabolic 
regulation?regulation?



Hierarchies in regulation: Hierarchies in regulation: 
Genes versus metabolites:  Genes versus metabolites:  -- ??



Hierarchies in regulation: Hierarchies in regulation: 
Genes versus metabolitesGenes versus metabolites : 0: 0--1?1?



Hierarchies in regulation: Hierarchies in regulation: 
Genes versus metabolites: 2Genes versus metabolites: 2--1?1?



Hierarchies in regulation: Hierarchies in regulation: 
Genes versus metabolites: 2Genes versus metabolites: 2--1?1?



How much hierarchical, how much metabolic How much hierarchical, how much metabolic 
(direct) regulation of each step?(direct) regulation of each step?

and
How can one figure this out?How can one figure this out?
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How much of function is regulated How much of function is regulated 
hierarchically, how much directly?hierarchically, how much directly?

)(),( XeXevv υ⋅==

Metabolic/directMetabolic/direct
HierarchicalHierarchical
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How much of function is regulated How much of function is regulated 
hierarchically, how much directly?hierarchically, how much directly?
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Systems Biology law for Systems Biology law for 
hierarchical regulation:hierarchical regulation:

mhJ
v ρρ +=

∆
∆

=
ln
ln1

A total of 100 % regulation is A total of 100 % regulation is 
distributed between metabolic and distributed between metabolic and 
hierarchical regulation:hierarchical regulation:

itthroughfluxofchangefold
enzymeofamountinchangefold

J
e

h ≅
∆
∆

≡
ln
lnρ



How does the cell regulate
the transporter flux?

Through gene expression
Or
Through metabolic regulation?



Regulation of the loss of transport Regulation of the loss of transport 
capacity by yeast upon starvationcapacity by yeast upon starvation
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(Down-) regulation of 
glycolysis during starvation
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Regulation is not all through gene expression….. Regulation is not all through gene expression….. 
and we can readily determine how much of it isand we can readily determine how much of it is
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Regulation is diverse



Westerhoff Westerhoff Westerhoff et alet alet al ., Oxford,  051122., Oxford,  051122., Oxford,  051122 Systems Biology; signaling where to goSystems Biology; signaling where to go……..

No one regulated entirely 
through gene expression
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Glucose transporter half 
through gene expression:
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Aldolase only metabolically:
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ADH homeostated through 
gene expression
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Carbon starvationCarbon starvationNitrogen starvationNitrogen starvation

2.30.2-1.3-0.70.41.7ADHADH

0.90.00.1-1.30.62.3PDCPDC

0.90.00.1-0.40.31.4PKPK

0.70.10.30.60.50.4ENOENO

1.00.00.00.00.41.0PGMPGM

1.30.1-0.31.00.20.0PGKPGK

0.90.00.10.30.50.7GAPDHGAPDH

1.40.2-0.40.90.90.1TPITPI

1.00.20.0-0.10.51.1ALDALD

0.60.40.40.60.20.4PFKPFK

1.00.00.00.20.30.8PGIPGI

0.90.00.10.00.21.0HKHK

0.60.10.4-0.20.11.2GLTGLT

ρρmmSEMSEMρρhhρρmmSEMSEMρρhh

SacharomycesSacharomyces cerevisiaecerevisiae: regulation of fermentative capacity; : regulation of fermentative capacity; experimentalexperimental



Westerhoff Westerhoff Westerhoff et alet alet al ., Oxford,  051122., Oxford,  051122., Oxford,  051122 Systems Biology; signaling where to goSystems Biology; signaling where to go……..

Carbon starvationNitrogen starvation

2.30.2-1.3-0.70.41.7ADH

0.90.00.1-1.30.62.3PDC

0.90.00.1-0.40.31.4PK

0.70.10.30.60.50.4ENO

1.00.00.00.00.41.0PGM

1.30.1-0.31.00.20.0PGK

0.90.00.10.30.50.7GAPDH

1.40.2-0.40.90.90.1TPI

1.00.20.0-0.10.51.1ALD

0.60.40.40.60.20.4PFK

1.00.00.00.20.30.8PGI

0.90.00.10.00.21.0HK

0.60.10.4-0.20.11.2GLT

ρmSEMρhρmSEMρh

1. Exclusively hierarchicalExclusively hierarchical regulation ρh = 1
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Carbon starvationNitrogen starvation

2.30.2-1.3-0.70.41.7ADH

0.90.00.1-1.30.62.3PDC

0.90.00.1-0.40.31.4PK

0.70.10.30.60.50.4ENO

1.00.00.00.00.41.0PGM

1.30.1-0.31.00.20.0PGK

0.90.00.10.30.50.7GAPDH

1.40.2-0.40.90.90.1TPI

1.00.20.0-0.10.51.1ALD

0.60.40.40.60.20.4PFK

1.00.00.00.20.30.8PGI

0.90.00.10.00.21.0HK

0.60.10.4-0.20.11.2GLT

ρmSEMρhρmSEMρh

2. Exclusively metabolicExclusively metabolic regulation ρh = 0
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Carbon starvationNitrogen starvation

2.30.2-1.3-0.70.41.7ADH

0.90.00.1-1.30.62.3PDC

0.90.00.1-0.40.31.4PK

0.70.10.30.60.50.4ENO

1.00.00.00.00.41.0PGM

1.30.1-0.31.00.20.0PGK

0.90.00.10.30.50.7GAPDH

1.40.2-0.40.90.90.1TPI

1.00.20.0-0.10.51.1ALD

0.60.40.40.60.20.4PFK

1.00.00.00.20.30.8PGI

0.90.00.10.00.21.0HK

0.60.10.4-0.20.11.2GLT

ρmSEMρhρmSEMρh

3. Mixed regulationMixed regulation 0<ρh < 1
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Carbon starvationNitrogen starvation

2.30.2-1.3-0.70.41.7ADH

0.90.00.1-1.30.62.3PDC

0.90.00.1-0.40.31.4PK

0.70.10.30.60.50.4ENO

1.00.00.00.00.41.0PGM

1.30.1-0.31.00.20.0PGK

0.90.00.10.30.50.7GAPDH

1.40.2-0.40.90.90.1TPI

1.00.20.0-0.10.51.1ALD

0.60.40.40.60.20.4PFK

1.00.00.00.20.30.8PGI

0.90.00.10.00.21.0HK

0.60.10.4-0.20.11.2GLT

ρmSEMρhρmSEMρh

4. Superhierarchical regulation Vmax dominating ρh > 1
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Carbon starvationNitrogen starvation

2.30.2-1.3-0.70.41.7ADH

0.90.00.1-1.30.62.3PDC

0.90.00.1-0.40.31.4PK

0.70.10.30.60.50.4ENO

1.00.00.00.00.41.0PGM

1.30.1-0.31.00.20.0PGK

0.90.00.10.30.50.7GAPDH

1.40.2-0.40.90.90.1TPI

1.00.20.0-0.10.51.1ALD

0.60.40.40.60.20.4PFK

1.00.00.00.20.30.8PGI

0.90.00.10.00.21.0HK

0.60.10.4-0.20.11.2GLT

ρmSEMρhρmSEMρh

5. Antagonistic regulation interaction dominating ρh < 0



Is there a rule here?

Comparative Systems Biology
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Comparative Systems BiologyComparative Systems Biology
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Type of regulation by number Type of regulation by number 
of glycolysis stepsof glycolysis steps

412193925%

38132617Total

35320N starvationS. cerevisiae

00373Glucose 
starvation

S. cerevisiae

00381Glucose 
limited 
chemostat

T. vaginalis

02127Glucose 
limited 
chemostat

L. Donovani

01376Glucose 
limited 
chemostat

T. brucei

superhierarcsuperhierarc
hicalhical

hierarchicalhierarchicalmixedmixedmetabolicmetabolicsupermetabsupermetab
olicolic

ConditionConditionOrganismOrganism
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Type of regulation by number Type of regulation by number 
of glycolysis stepsof glycolysis steps

412193925%

38132617Total

35320N starvationS. cerevisiae

00373Glucose 
starvation

S. cerevisiae

00381Glucose 
limited 
chemostat

T. vaginalis

02127Glucose 
limited 
chemostat

L. Donovani

01376Glucose 
limited 
chemostat

T. brucei

superhierarcsuperhierarc
hicalhical

hierarchicalhierarchicalmixedmixedmetabolicmetabolicsupermetabsupermetab
olicolic

ConditionConditionOrganismOrganism

Is there a rule here?Is there a rule here?

a All types

a In all organisms

aMetabolic regulationregulation
dominates

a In all 
organisms/conditions 
examined



Hierarchies in regulation: Hierarchies in regulation: 
Genes versus metabolites: 2Genes versus metabolites: 2--1?1?



Hierarchies in regulation: Hierarchies in regulation: 
Genes versus metabolites: 18Genes versus metabolites: 18--50!50!
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Systems Biology: Systems Biology: 
signaling where to gosignaling where to go

aa Interactions & loops & emergenceInteractions & loops & emergence

aa Towards applications: NetworkTowards applications: Network--based drug design antibased drug design anti--
parasitesparasites

aa Silicon cellsSilicon cells

aa Systems Biology a science: laws and principlesSystems Biology a science: laws and principles

aa Improved understanding of multifactorial diseaseImproved understanding of multifactorial disease

aa Two paradigms for anti tumor drugsTwo paradigms for anti tumor drugs

aa What regulates function?  Gene expression or What regulates function?  Gene expression or 
metabolism?metabolism?



Thanks to:

My patient audienceMy patient audience

AA
nn
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