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First part: methodologyFirst part: methodology

•• Systems Biology as methodology:Systems Biology as methodology:
–– Precise definition of biological conceptsPrecise definition of biological concepts
–– Qualitative biological understanding through Qualitative biological understanding through 

quantificationquantification
–– Silicon cell/JWSSilicon cell/JWS
–– Generality: mathematical proof & thought Generality: mathematical proof & thought 

experimentsexperiments
–– A definition of robustnessA definition of robustness



Middle part: tutorialMiddle part: tutorial

•• Calculating robustnessCalculating robustness
•• Falsifying proposed constant robustnessFalsifying proposed constant robustness
•• Searching for new general principlesSearching for new general principles
•• How to enhance robustness; a paradoxical How to enhance robustness; a paradoxical 

principleprinciple



Third part: resultsThird part: results

•• Biochemical networks are highly robustBiochemical networks are highly robust
•• Robustness is not conservedRobustness is not conserved
•• …….. is conserved.. is conserved
•• Robustness through fragilityRobustness through fragility
•• Robustness and signal transductionRobustness and signal transduction
•• Robustness as diseaseRobustness as disease
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To deal with Biological To deal with Biological 
SystemsSystems………………....

We should engage in Systems We should engage in Systems 
BiologyBiology



bb

Moving targetsMoving targets

How important is How important is 
Systems Biology?Systems Biology?
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Most remaining diseases areMost remaining diseases are

Systems Biology (network) Systems Biology (network) 
diseasesdiseases

Cf. Adriano HenneyCf. Adriano Henney
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To cure the networkTo cure the network

One should deal with the One should deal with the 
networknetwork

An enormous paradigm shiftAn enormous paradigm shift
Cf. Lee HoodCf. Lee Hood



Health and diseaseHealth and disease

•• Classical:Classical:
•• Disease is  Disease is  ……. . dysfunctiondysfunction

•• Novel:Novel:
•• Disease is  Disease is  …….  .  failure to be robust, failure to be robust, 
•• (or failure to be fragile(or failure to be fragile……..)..)



Assets of Systems BiologyAssets of Systems Biology

•• It is non dogmatic (neither It is non dogmatic (neither reductionistreductionist nor nor 
holist)holist)

•• It does not evade the complexity of the real It does not evade the complexity of the real 
worldworld
–– (one should simplify as much as possible but not (one should simplify as much as possible but not 

more; Einstein)more; Einstein)

•• It adds precision to biology and this may enable It adds precision to biology and this may enable 
one to solve issues that could not be solved one to solve issues that could not be solved 
beforebefore



Example of non dogmatic and Example of non dogmatic and 
precise nature of Systems Biologyprecise nature of Systems Biology

•• Biochemistry/molecular biology:Biochemistry/molecular biology:
–– ‘‘the rate limiting step is the first irreversible the rate limiting step is the first irreversible 

step in the pathwaystep in the pathway’’

•• Systems Biology:Systems Biology:
•• Control may be distributed:Control may be distributed:

14321 =+++ JJJJ CCCC



The rateThe rate--limiting steplimiting step



‘‘CriteriaCriteria’’ for limitation originally in for limitation originally in 
useuse

•• There is only oneThere is only one
•• Irreversible stepIrreversible step
•• First stepFirst step
•• Most regulated stepMost regulated step
•• When deleted, flux stopsWhen deleted, flux stops
•• When inhibited flux When inhibited flux 

decreasesdecreases
•• I like (work on) the enzyme, I like (work on) the enzyme, 

therefore it must be therefore it must be 
importantimportant



Problems arisingProblems arising

••More than one step was More than one step was 
proposed to be proposed to be the onlythe only
raterate--limiting steplimiting step

••Criteria were muddyCriteria were muddy



A good definitionA good definition

•• Should enable us to figure out which of Should enable us to figure out which of 
these definitions (if any) is rightthese definitions (if any) is right

•• Should even enable us to find that there is Should even enable us to find that there is 
no rateno rate--limiting step at alllimiting step at all……



How to measure  whether a component is How to measure  whether a component is 
limiting  = controlling ??limiting  = controlling ??

Flux versus enzyme activity
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How to measure  whether a component is How to measure  whether a component is 
limiting: limiting: 

Flux versus enzyme activity
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The rateThe rate--limiting step: flux proportional limiting step: flux proportional 
to enzyme activity; 1 % decrease in flux to enzyme activity; 1 % decrease in flux 
for 1 % decrease in enzyme activity, C=1for 1 % decrease in enzyme activity, C=1
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How to measure  whether an component is How to measure  whether an component is 
limiting: limiting: 
the Control coefficientthe Control coefficient

Flux versus enzyme activity
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How to measure  whether an component is How to measure  whether an component is 
limiting: limiting: 
the Control coefficientthe Control coefficient

Flux versus enzyme activity
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DisadvantageDisadvantage

•• dJdJ:  :  nmol/min/mgdryweightnmol/min/mgdryweight
•• de: mg proteinde: mg protein

•• Control changes when expressed per gram Control changes when expressed per gram 
proteinprotein

de
dJslope =



Relative changesRelative changes

•• dJdJ/J:  dimensionless/J:  dimensionless
•• de/e: dimensionlessde/e: dimensionless

•• Control changes when expressed per gram Control changes when expressed per gram 
proteinprotein

ede
JdJslope

/
/

=



Flux Control CoefficientFlux Control Coefficient

•• Control coefficient: alternative expressionsControl coefficient: alternative expressions
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SurpriseSurprise: nobody and everyone : nobody and everyone 
was right: distributed controlwas right: distributed control

0.3

0.04

0.3
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0

Sum=0.84; Sum=0.84; 
distributed in distributed in 
this casethis case



bb

Moving targetsMoving targets

Qualitative conclusionQualitative conclusion

Control may be distributedControl may be distributed
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Asset of Systems BiologyAsset of Systems Biology

Discover qualitative propertiesDiscover qualitative properties
By being sufficiently more precise By being sufficiently more precise 

(quantitative)(quantitative)



First part: methodologyFirst part: methodology

•• Systems Biology as methodology:Systems Biology as methodology:
–– Precise definition of biological conceptsPrecise definition of biological concepts
–– Qualitative biological understanding through Qualitative biological understanding through 

quantificationquantification
–– Silicon cell/JWSSilicon cell/JWS
––– Generality: mathematical proof & thought Generality: mathematical proof & thought Generality: mathematical proof & thought 

experimentsexperimentsexperiments
––– A definition of robustnessA definition of robustnessA definition of robustness



Is control distributed?Is control distributed?

We can now calculate We can now calculate 
this for some cases this for some cases 
using the silicon cellusing the silicon cell



Linked to Linked to FEBS JournalFEBS Journal and and MicrobiologyMicrobiology

www.siliconcell.net

Cf. Jacky SnoepCf. Jacky Snoep



Silicon cell live models: Silicon cell live models: 
http://http://www.jjj.bio.vu.nlwww.jjj.bio.vu.nl
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In one caseIn one case

Control is distributedControl is distributed
(and in fact in many other cases)(and in fact in many other cases)
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Silicon cellSilicon cell…………..

As complex as realityAs complex as reality
‘‘Therefore not usefulTherefore not useful’’ (??)(??)



Where did the 1 go?Where did the 1 go?

Flux versus enzyme activity
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The first The first law law of Systems Biology: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
n

JJJ CCCC
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Silicon cellSilicon cell…………..

Made a discoveryMade a discovery
…………..

This is a true story:This is a true story:
KacserKacser & Burns and for other & Burns and for other 

theorems:theorems:
Van Dam et al.Van Dam et al.

Bruggeman et al.Bruggeman et al.
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Systems BiologySystems Biology

The Life of BiologyThe Life of Biology
The quantitative experimentation of The quantitative experimentation of 
biochemistry/biophysicsbiochemistry/biophysics
The precision of physicsThe precision of physics
The certainty/generality of The certainty/generality of 
mathematicsmathematics

Cf. Guy ShinarCf. Guy Shinar



EinEin GedankenGedanken ExperimentExperiment

A thought experimentA thought experiment



Intuitive proof of the summation Intuitive proof of the summation 
lawlaw
•• CCJJ

11= the percentage increase in steady state flux = the percentage increase in steady state flux 
if one activates only enzyme 1, keeping all other if one activates only enzyme 1, keeping all other 
parameters constantparameters constant

•• CCJJ
11+C+CJJ

22= the percentage increase in steady = the percentage increase in steady 
state flux if one activates both enzyme 1 and state flux if one activates both enzyme 1 and 
enzyme 2 by 1 %, keeping all other parameters enzyme 2 by 1 %, keeping all other parameters 
constantconstant

•• CCJJ
11+C+CJJ

22+C+CJJ
33++……++CCJJ

nn=the percentage increase in =the percentage increase in 
steady state flux if one activates all enzymes by steady state flux if one activates all enzymes by 
1 %, keeping all other parameters constant = 1 %, keeping all other parameters constant = 
????????



1 2
S PX

QY
3 4

321 vvv
dt
dX

−−=

03070100 =−−=
dt
dX

?3377110 =−−=
dt
dX Cf. Ursula Kummer, Frank Cf. Ursula Kummer, Frank 

BruggemanBruggeman
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S PX

QY
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321 vvv
dt
dX

−−=

03070100 =−−=
dt
dX

03377110 =−−=
dt
dX



1 2
S PX

QY
3 4

321 vvv
dt
dX

−−=

03070100 =−−=
dt
dX

03377110 =−−=
dt
dX

Steady state is established Steady state is established 
immediatelyimmediately

No change in [X]No change in [X]

Same percentage change in Same percentage change in 
fluxesfluxes



Laws Laws of Systems Biology:of Systems Biology:
summation law for flux controlsummation law for flux control……and..and..

1
%10
%10

4321 ==+++ JJJJ CCCC



Laws Laws of Systems Biology:of Systems Biology:
summation law for flux controlsummation law for flux control……and.. and.. 
concentration controlconcentration control

1
%10
%10

4321 ==+++ JJJJ CCCC

0
%10
%0

4321 ==+++ XXXX CCCC



Laws Laws of Systems Biology:of Systems Biology:
summation law for flux controlsummation law for flux control……and.. and.. 
concentration controlconcentration control…… and  noise and  noise 
controlcontrol

1
%10
%10

4321 ==+++ JJJJ CCCC

0
%10
%0

4321 ==+++ xxxx CCCC σσσσ



First part: methodologyFirst part: methodology

•• Systems Biology as methodology:Systems Biology as methodology:
–– Precise definition of biological conceptsPrecise definition of biological concepts
–– Qualitative biological understanding through Qualitative biological understanding through 

quantificationquantification
–– Silicon cell/JWSSilicon cell/JWS
–– Generality: mathematical proof & thought Generality: mathematical proof & thought 

experimentsexperiments
–– A definition of robustnessA definition of robustness
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To understand To understand 
robustness/healthrobustness/health

We need a definition of We need a definition of 
robustness/healthrobustness/health



Example:Example:

Robustness of the fluxRobustness of the flux

When enzyme activities are When enzyme activities are 
eliminatedeliminated

XX



Example:Example:

Robustness of the fluxRobustness of the flux

When enzyme activities are When enzyme activities are 
eliminatedeliminated

When enzyme activities are When enzyme activities are 
perturbedperturbed
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Definition of robustnessDefinition of robustness

In the tutorialIn the tutorial
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Coffee & tutorial time!Coffee & tutorial time!
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Definition of robustness Definition of robustness visvis--aa--visvis a a 
perturbationperturbation

How robust is a function with respect to a How robust is a function with respect to a 
perturbation in a property?perturbation in a property?

By what percentage can I perturb that function By what percentage can I perturb that function 
and change system function by only 1 %?and change system function by only 1 %?



Flux versus enzyme activity
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Enzyme activity versus flux
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Flux versus enzyme activity
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Flux versus enzyme activity
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First part: methodologyFirst part: methodology

•• Systems Biology as methodology:Systems Biology as methodology:
–– Precise definition of biological conceptsPrecise definition of biological concepts
–– Qualitative biological understanding through Qualitative biological understanding through 

quantificationquantification
–– Silicon cell/JWSSilicon cell/JWS
–– Generality: mathematical proof & thought Generality: mathematical proof & thought 

experimentsexperiments
–– A definition of robustnessA definition of robustness
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RobustnessRobustness

•• There is more than one definition:There is more than one definition:
–– John DoyleJohn Doyle’’s/Kitano definition: frequency s/Kitano definition: frequency 

domaindomain
–– Robustness visRobustness vis--àà--vis gene deletionvis gene deletion
–– Guy Shinar: variation of concentration of Guy Shinar: variation of concentration of 

protein form with total concentration of that protein form with total concentration of that 
proteinprotein

–– This one: steady state function with respect This one: steady state function with respect 
to parameters, such as catalytic activitiesto parameters, such as catalytic activities



But cells and tissues may not be classical, But cells and tissues may not be classical, 
e.g. they are networkse.g. they are networks

We can now calculate We can now calculate 
this for some cases this for some cases 
using the silicon cellusing the silicon cell
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Definition of robustnessDefinition of robustness

By what percentage can I perturb a By what percentage can I perturb a 
component process of the system and component process of the system and 

affect system function by only 1 %?affect system function by only 1 %?



Flux versus enzyme activity
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Cells and tissues are systemsCells and tissues are systems

Let us see whether Let us see whether 
they tend to be more they tend to be more 

robust than robust than 
processes in isolationprocesses in isolation



Silicon cell live models: Silicon cell live models: jjj.bio.vu.nljjj.bio.vu.nl
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AssignmentsAssignments
1.1.Calculate Calculate robustnessesrobustnesses for for 

silicon cell flux with respect to silicon cell flux with respect to 
reactionsreactions

2.2.Add them upAdd them up
3.3.Vary one of the activitiesVary one of the activities
4.4.Do the sameDo the same
5.5.Is total robustness constant?Is total robustness constant?
6.6.Take the inverses.Take the inverses.
7.7.RepeatRepeat



Middle part: tutorialMiddle part: tutorial

•• Calculating robustnessCalculating robustness
•• Falsifying proposed constant robustnessFalsifying proposed constant robustness
•• Searching for new theoremsSearching for new theorems
•• How to enhance robustness; a paradoxical How to enhance robustness; a paradoxical 

principleprinciple



Third part: resultsThird part: results

•• Are biochemical networks robust?Are biochemical networks robust?
•• Is robustness conserved ?Is robustness conserved ?
•• ………………………….. is conserved.. is conserved
•• Robustness through fragilityRobustness through fragility
•• Robustness and signal transductionRobustness and signal transduction
•• Robustness as diseaseRobustness as disease
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End of tutorialEnd of tutorial
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Flux versus enzyme activity
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Robustness of vital flux of Trypanosomes Robustness of vital flux of Trypanosomes 
visvis--àà--vis perturbations of glycolytic stepsvis perturbations of glycolytic steps

6085  6085  SumSum
389389GlyKGlyK

27442744ATPaseATPase

691691PKPK

6161PGKPGK

--251251GPOGPO

6666GDHGDH

482482TPITPI

3838ALDALD

234234PFKPFK

15461546PGIPGI

4242HKHK

4242GAPdhGAPdh

1.11.1GlctrGlctr

RobustnessRobustnessstepstep

Average Average 
robustnessrobustness
= 470 >>>1= 470 >>>1
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Networking increases Networking increases 
robustnessrobustness

470 fold in this case470 fold in this case



Third part: resultsThird part: results

•• Biochemical networks are highly robustBiochemical networks are highly robust
•• Is robustness conserved ?Is robustness conserved ?
•• ………………………….. is conserved.. is conserved
•• Robustness through fragilityRobustness through fragility
•• Robustness and signal transductionRobustness and signal transduction
•• Robustness as diseaseRobustness as disease
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Is robustness conserved?Is robustness conserved?

Does total robustness remain constant Does total robustness remain constant 
when system is made more robust viswhen system is made more robust vis--
àà--vis perturbation of one of its steps?vis perturbation of one of its steps?



Total robustness is Total robustness is notnot conservedconserved

1055105560856085SumSum
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double glucose double glucose 
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Robustness is Robustness is notnot constantconstant



Third part: resultsThird part: results

•• Biochemical networks are highly robustBiochemical networks are highly robust
•• Robustness is not conserved ?  Robustness is not conserved ?  
•• ………………………….. is conserved.. is conserved
•• Robustness through fragilityRobustness through fragility
•• Robustness and signal transductionRobustness and signal transduction
•• Robustness as diseaseRobustness as disease
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Robustness is not conservedRobustness is not conserved

But fragility isBut fragility is



Sum over all fragilities=inverse Sum over all fragilities=inverse 
robustnessesrobustnesses = 1= 1
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Definition of fragilityDefinition of fragility
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Third part: resultsThird part: results

•• Biochemical networks are highly robustBiochemical networks are highly robust
•• Robustness is not conserved ?  Robustness is not conserved ?  
•• Fragility is conservedFragility is conserved
•• Robustness through fragilityRobustness through fragility
•• Robustness and signal transductionRobustness and signal transduction
•• Robustness as diseaseRobustness as disease



ImplicationsImplications

•• If the robustness visIf the robustness vis--àà--vis an already vis an already 
fragile step is decreased, average fragile step is decreased, average 
robustness may increaserobustness may increase

•• Sacrifice principle: robustness Sacrifice principle: robustness 
through fragilitythrough fragility



By decreasing robustness visBy decreasing robustness vis--àà--vis one vis one 
step one can increase the total step one can increase the total 
robustnessrobustness
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Perhaps this is whyPerhaps this is why
robust systems tend to have robust systems tend to have 

Achilles heelsAchilles heels

………… …………. . ………………. . ……………….. .. …………....

which should be the better drug targetswhich should be the better drug targets



Third part: resultsThird part: results

•• Biochemical networks are highly robustBiochemical networks are highly robust
•• Robustness is not conserved ?  Robustness is not conserved ?  
•• Fragility is conservedFragility is conserved
•• Robustness through fragilityRobustness through fragility
•• Robustness and signal transductionRobustness and signal transduction
•• Robustness as diseaseRobustness as disease
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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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Research questionsResearch questions

•• To which perturbations are duration and To which perturbations are duration and 
amplitude robust (fragile)? amplitude robust (fragile)? 

•• Are these the same perturbations? Are these the same perturbations? 
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Robustness of ERKRobustness of ERK--PP PP amplitude amplitude in model in model 
MAP kinase pathway: mostly robustMAP kinase pathway: mostly robust
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DurationDuration robustness in model MAP kinase robustness in model MAP kinase 
pathwaypathway

5252
2020--88--33--33--228811111717DuratDurat

ionion

3333

-9-6-3-5-7246Ampli
tude

RR332211332211

SumSumphosphatasesphosphataseskinaseskinases



Research questionsResearch questions

•• To which perturbations is this signal To which perturbations is this signal 
transduction robust (fragile)?  transduction robust (fragile)?  MostMost

•• Are these the same perturbations? Are these the same perturbations? NoNo



Robustness depends on function considered Robustness depends on function considered 
and is not conservedand is not conserved
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Systems Biology principle:Systems Biology principle:
total amplitude fragility = conserved total amplitude fragility = conserved 
and zeroand zero
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Research questionsResearch questions

•• To which perturbations is this signal To which perturbations is this signal 
transduction robust (fragile)?  transduction robust (fragile)?  MostMost

•• Does robustness differ for the various Does robustness differ for the various 
aspects of the signal?  aspects of the signal?  YesYes

•• Do you believe this?Do you believe this?



Systems Biology principles Systems Biology principles 
concerning robustness differconcerning robustness differ
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Robustness depends on function considered Robustness depends on function considered 
and is not conservedand is not conserved
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Duration robust Duration robust visvis--àà--visvis kinase perturbation, kinase perturbation, 
fragile fragile visvis--àà--visvis phosphatase perturbationphosphatase perturbation
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Amplitude is less robust visAmplitude is less robust vis--àà--vis kinase vis kinase 
perturbation than is durationperturbation than is duration
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Third part: resultsThird part: results

•• Biochemical networks are highly robustBiochemical networks are highly robust
•• Robustness is not conserved ?  Robustness is not conserved ?  
•• Fragility is conservedFragility is conserved
•• Robustness through fragilityRobustness through fragility
•• Robustness and signal transductionRobustness and signal transduction
•• Robustness as diseaseRobustness as disease
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OncogenesisOncogenesis

Which type of step is amplified? Which type of step is amplified? 
Robust or fragile?Robust or fragile?



Detailed kinetic model of signaling by EGF Schoeberl et al. (2002)
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Oncogenes may affect fragile stepsOncogenes may affect fragile steps

and make the cells more robust:and make the cells more robust:

robustness as diseaserobustness as disease
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Drug designers Drug designers 

do not like moving targetsdo not like moving targets
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Oncogenes affect fragile stepsOncogenes affect fragile steps
••And increase the robustness of that And increase the robustness of that 
step: step: 
••That step is not a good targetThat step is not a good target
••Tumor cell is more robust with Tumor cell is more robust with 
respect to the process amplified by respect to the process amplified by 
the the oncogenesisoncogenesis, but is likely to be , but is likely to be 
less robust on averageless robust on average
••Some other steps must be more Some other steps must be more 
fragilefragile
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Function should have become Function should have become 
more fragile towards another more fragile towards another 

step in the networkstep in the network

That should be the drug targetThat should be the drug target
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This Doctoral Training Centre trains students for a This Doctoral Training Centre trains students for a PhD in PhD in 
Systems BiologySystems Biology.  Launched in October 2006, this is one of three .  Launched in October 2006, this is one of three 
existing Systems Biology training centres in the United Kingdom existing Systems Biology training centres in the United Kingdom 
that have been funded by the EPSRC/BBSRC councils. It is open that have been funded by the EPSRC/BBSRC councils. It is open 
to EU and (conditionally) international students with a masters to EU and (conditionally) international students with a masters (or (or 
equivalent) in the biological, medical sciences or in the exact equivalent) in the biological, medical sciences or in the exact 
sciences or engineering. sciences or engineering. 
Each year the DTC will offer approximately 10 stipends to new Each year the DTC will offer approximately 10 stipends to new 
PhD students. PhD students. The students engage in a first year of panThe students engage in a first year of pan--
disciplinary training, where physicists learn biology and biologdisciplinary training, where physicists learn biology and biologists ists 
learn modelling.  This they do this in close interaction and learn modelling.  This they do this in close interaction and visvis--áá
--vis vis applications to Systems Biology.  applications to Systems Biology.  
In years 2, 3 and 4, the students will engage in highIn years 2, 3 and 4, the students will engage in high--level level 
collaborative and twinned research projects.  These will addresscollaborative and twinned research projects.  These will address
major topics in Systems Biology and will involve both theory andmajor topics in Systems Biology and will involve both theory and
experimentation.  They will take place largely in the MCISB, butexperimentation.  They will take place largely in the MCISB, but for for 
66--12 months also in collaborating Systems Biology centres abroad 12 months also in collaborating Systems Biology centres abroad 
or in industry.  Examples of projects are:or in industry.  Examples of projects are:
Vertical Genomics/Hierarchical regulation analysis in yeast. Vertical Genomics/Hierarchical regulation analysis in yeast. 
Antitumor drugs and EGF Systems Biology. Antitumor drugs and EGF Systems Biology. Skin ecosystems Skin ecosystems 
biology.biology. From metabolomics up: data driven hypothesis From metabolomics up: data driven hypothesis 
generation put into the context of the yeast model.generation put into the context of the yeast model. Systems Systems 
Biology of translation in yeast. Yeast silicon cell: carbon and Biology of translation in yeast. Yeast silicon cell: carbon and 
energy metabolism.energy metabolism. The dynamics of NFThe dynamics of NFκκBB--mediated signal mediated signal 
t d tit d ti

The Manchester Doctoral Training Centre for The Manchester Doctoral Training Centre for 
Systems BiologySystems Biology
Integrative Systems Biology from Molecules to LifeIntegrative Systems Biology from Molecules to Life
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My patient audienceMy patient audience
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