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We need a theory for systems biology, We need a theory for systems biology, 
notably for robustnessnotably for robustness
Robustness is a system propertyRobustness is a system property
Is robustness conserved?Is robustness conserved?
TradeTrade--off between robustness and off between robustness and 
fragility (exact?)fragility (exact?)



For a theory of robustnessFor a theory of robustness

We need a definition of We need a definition of 
robustnessrobustness
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Definition of robustness Definition of robustness visvis--àà--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 By what percentage can I perturb that 
property and still affect system function property and still affect system function 
by only 1 %?by only 1 %?
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Flux versus enzyme activity
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Flux versus enzyme activity
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Flux versus enzyme activity
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RobustnessRobustness

There is more than one definitionThere is more than one definition
E.g. John DoyleE.g. John Doyle’’s definition: frequency domains definition: frequency domain
This one: steady state function with respect to This one: steady state function with respect to 
parameters, such as catalytic activitiesparameters, such as catalytic activities
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Are Are robustnessesrobustnesses large?large?
Silicon cell live models: Silicon cell live models: jjj.bio.vu.nljjj.bio.vu.nl
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Robustness of vital flux of Trypanosomes Robustness of vital flux of Trypanosomes visvis--àà--
vis vis perturbation ofperturbation of various various glycolyticglycolytic stepssteps

step Robustness
Glctr 1.1
GAPdh 42
HK 42
PGI 1546
PFK 234
ALD 38
TPI 482
GDH 66
GPO -251
PGK 61
PK 691
ATPase 2744
GlyK 389

Yes, most Yes, most 
robustnessesrobustnesses are are 

large; average is 468 large; average is 468 
herehere



Systems Biology: principles

Are there any principles visAre there any principles vis--àà--vis vis 
this robustness?this robustness?

Is robustness conserved?Is robustness conserved?
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Is robustness conserved?Is robustness conserved?
(e.g. when making the most fragile step robust)(e.g. when making the most fragile step robust)

stepstep RobustnessRobustness

Robustness Robustness 
double double glcglc

transportertransporter

GlctrGlctr 1.11.1 8888

GAPdhGAPdh 4242 44

HKHK 4242 2020

PGIPGI 15461546 412412

PFKPFK 234234 56.56.

ALDALD 3838 33

TPITPI 482482 6464

GDHGDH 6666 66

GPOGPO --251251 --1515

PGKPGK 6161 77

PKPK 691691 7373

ATPaseATPase 27442744 313313

GlyKGlyK 389389 2626

Sum Sum (average)(average) 6085 (468)6085 (468) 1055(81)1055(81)

No, robustness is not No, robustness is not 
conservedconserved



No principles then?No principles then?

Yes, there is one!Yes, there is one!
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Sum over all inverse Sum over all inverse robustnessesrobustnesses = 1= 1

stepstep 1/robustness1/robustness

1/robustness 1/robustness 
(doubled (doubled glcglc
transporter)transporter)

GlctrGlctr 0.8870.887 0.0110.011

GAPdhGAPdh 0.0240.024 0.2490.249

HKHK 0.0240.024 0.0510.051

PGIPGI 0.0010.001 0.0020.002

PFKPFK 0.0040.004 0.0180.018

ALDALD 0.0260.026 0.3540.354

TPITPI 0.0020.002 0.0160.016

GDHGDH 0.0150.015 0.1660.166

GPOGPO --0.0040.004 --0.0680.068

PGKPGK 0.0160.016 0.1440.144

PKPK 0.0010.001 0.0140.014

ATPaseATPase 00 0.0030.003

GlyKGlyK 0.0030.003 0.0390.039

SumSum 0.9990.999 0.9990.999
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Systems Biology principle 
concerning robustness
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Implications

Flux Flux robustnessesrobustnesses can be homogeneous can be homogeneous 
(robustness the same (robustness the same visvis--àà--visvis all enzyme all enzyme 
perturbations) or heterogeneous perturbations) or heterogeneous 
Average robustness is higher when Average robustness is higher when 
robustness is heterogeneousrobustness is heterogeneous
By increasing fragility By increasing fragility visvis--àà--visvis one step one step 
one can increase the average robustnessone can increase the average robustness
Lowest robustness is best drug target 
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Opening lecture Hiroaki KitanoOpening lecture Hiroaki Kitano

We need a theory for systems biology, We need a theory for systems biology, 
notably for robustnessnotably for robustness
Robustness is a system propertyRobustness is a system property
Is robustness conserved?Is robustness conserved?
TradeTrade--off between robustness and off between robustness and 
fragility (exact?)fragility (exact?)

XX

XX



Robustness of ERK phosphorylationRobustness of ERK phosphorylation

EGF initiated signal EGF initiated signal 
transductiontransduction



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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Research questionsResearch questions

To which perturbations is this signal To which perturbations is this signal 
transduction robust (fragile)? transduction robust (fragile)? 
Does this differ for the various aspects of Does this differ for the various aspects of 
the signal? the signal? 
Are there generic principles here?Are there generic principles here?
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Robustness of ERKRobustness of ERK--PP PP amplitude amplitude in model MAP in model MAP 
kinase pathway: mostly robustkinase pathway: mostly robust

kinaseskinases phosphatasesphosphatases

11 22 33 11 22 33 RR

AmpliAmpli
tudetude

66 44 22 --77 --55 --33 --66 --99
33

52

SumSum
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DurationDuration robustness in model MAP kinase pathwayrobustness in model MAP kinase pathway

kinaseskinases phosphatasesphosphatases

11 22 33 11 22 33 RR

AmpliAmpliAmpli
tudetudetude

666 444 222 ---777 ---555 ---333 ---666 ---999
33

DuratDurat
ionion

1717 1111 88 --22 --33 --33 --88 2020
52

SumSum
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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?  
Are there generic principles here?Are there generic principles here?
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Robustness depends on function considered and is Robustness depends on function considered and is 
not conservednot conserved

kinaseskinases phosphatasesphosphatases

11 22 33 11 22 33 RR

AmpliAmpli
tudetude

66 44 22 --77 --55 --33 --66 --99
33

DuratDurat
ionion

1717 1111 88 --22 --33 --33 --88 2020
52

SumSum
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Systems Biology principle 
concerning robustness
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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
Are there generic principles hereAre there generic principles here?  ?  YesYes
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Systems Biology principles 
concerning robustness differ
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Incidentally, the math behind 
these theorems….

Metabolic Control Analysis
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Fragility  vis-à-vis kinases and 
phosphatase perturbation?

Duration more than amplitude is fragile 
vis-à-vis phosphatase perturbation

Amplitude more than duration is fragile 
vis-à-vis kinase perturbation
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Is it all true?

Duration fragility resides more in 
phosphatases

Amplitude more fragile vis-à-vis kinase 
activity
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Detailed kinetic model of signaling by EGF Schoeberl et al. (2002)
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OncogenesOncogenes affect steps for which the affect steps for which the 
system is least robustsystem is least robust

And increase the robustnessAnd increase the robustness

Tumor cell is more robustTumor cell is more robust
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Emerging Principles of Living Systems: Emerging Principles of Living Systems: 
RobustnessRobustness

Robustness, a quantitative definition
Example: robustness of the vital flux of Trypanosomes

Robustness is not conserved
General principle 1: fluxes

Robustness in signal transduction
General principle 2: amplitude
Duration fragile vis-à-vis phosphatases perturbation more than 
kinase perturbation
Amplitude also fragile vis-a-vis kinase perturbation

Oncogenes: may act to enhance robustness
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Opening lecture Hiroaki KitanoOpening lecture Hiroaki Kitano

We need a theory for systems biology, We need a theory for systems biology, 
notably for robustnessnotably for robustness
Robustness is a system propertyRobustness is a system property
Is robustness conserved?Is robustness conserved?
TradeTrade--off between robustness and off between robustness and 
fragility (exact?)fragility (exact?)

Hiroaki was right!Hiroaki was right!
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Thanks to:Thanks to:
andand to youto you
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