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Fe _1fy|ng pPrepesed constant rebustness

SSEclching for new general principles
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%I—Iow 10 enhance robustness; a paradoxical
_principle
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B]Qr* emical networks are highly robust
-ustness IS' Not conserved
. IS'conserved

2 1; '-".:)ustness through fragility
gustness and signal transduction
pustness as disease
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S ljordeal with Biological
g Systems...........

We should engage In Systems
Biology
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MBSt remaining diseases are

Systems Biology (network)
diseases

CT. Adriano Henney
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One should deal with the
network

An enormous paradigm shift

Cf. Lee Hood
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SIEEasE IS ... dysfunction

- Disease I1s .... failure to be robust,
e (or fallure to be fragile
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HINSHIeNrdogmatic (nelther reductionist nor
flolls)

- Jrc Aot evade the complexity of the real

= orld

== — (one should simplify as much as possible but not

e
-F'___

= more; Einstein)

= |t adds precision to biology and this may enable
one to solve Issues that could not be solved
before
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prc [Se nature ofi Systems Blology

IO CHEMIStUy/molecular biology:
= r rate limiting step is the first irreversible
ep I the pathway’

== stems Biology:

3_.:_7'—' = . Control may be distributed:

C)+C/+C]+C, =1
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SIIEIENS Only one
SMIEVErSIbIe step
=St Step

' L__'bst iegulated step
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— S "\When deleted, flux stops

== When inhibited flux
decreases
e | like (work on) the enzyme,

therefore it must be
Important TEEET
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Id enanle us to figure eut which of
e definitions: (I any) Is right

ld eveni enable us to find that there Is
“rate=limiting step at all...
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Bliovatoimeasure whether a compoenentist s
lieel ting = controllimg:cs

Flux versus enzyme activity

0 0.5 1 Wild type level 2 2.5
Enzyme activity
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Flux versus enzy|ne activity

1
0 0.5 1 Wild type level 2 2.5
Enzyme activity
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=SS e dictimiting steps Hux proportional
Nchzyme activity; 1 7o dectease dniiux. S
o1 Y0 decteaseinrenizyme activity, C=1
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Enzyme is limiting

2.5
= 2 -
B 15
= 1
0.5
0 = \
0 20 40  Wildtype level 100 120

Enzyme activity
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e .
oW torrcasute whethetsan component is

= o f

Enzyme is limiting

FluxXNnzersus enzyine activity

The
slope
matters

0 0.5 1 Wild type level 2 2.5
Enzyme activity
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= o f

de s limiting

Flux versus enzyine activity

The

B— (s~
matters

0 0.5 1 Wild type level 2 2.5
Enzyme activity
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Jr*f dvantaog,

~ slope = d—‘]
F de

® Control changes when expressed per gram
protein
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® Control changes when expressed per gram
protein

Systems Biology:
From Mplecules to Life

Gosau, Austria, EU, March 10-16, 200




MAN CI-L]E'-_EER

Ui control.Coefficient

A —— e e .

v Con roI coefflc:lent alternatlve Expressions

J dJ/J d In(J) d log(J)

C_ — —
! de [e. (dlIn(e) d log(e,)

steadystate steadystate

percentage increase in J
percentage Increase in enzyme activity

Cf. Jannie Hofimeyr
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— - Nobody and everyone

WEE rlght distrilbuted control

904

proton lea

CHY phosphate translocator

-ATPase

adenine nucleotide transloGtor

77
7
succinate

dicarboxylate translocasum—o 84
late distributed i
this case

glucose-6-P

glucose

respiratory chain
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talitative conclusion

Control may be distributed
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Discover qualitative properties

By being sufficiently more precise
(quantitative)




SIS Part: meshodologyss=
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ySystems Biclogy as methodology:
— r} €ecise definition of biological concepts [ |

B0Ualitative pielogical understanding through
auantlflcatlon L
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We can now calculate
this for some cases

using the silicon cell
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WS Online Cellular Systems Modell

Home Model Datahase o Site information Forums

Linked to FEBS Journal and Microbiology

New! Qur discussion forums are now live: try the Forum pages.

2002012003 The Applets have been upgraded to use the Sun Microsystems JEE 1.4 or higher

£ Brett Olivier and Jacky Snoep, Stellenbosch Unaversity and Ve Undversitedt - Amsterdam, 2002

Site last updated: 03 December 20032
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In one case

Control Is distributed
(and In fact iIn many other cases)
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Silicon cell.......

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

2" FEBS Advanced Lecture Course on

Systems Biology:

From Molecules to Life Moving targets
Gosau, Austria, EU, March 10-16, 2007




MANCHESTER

4 mM glucose 5 mM glucose 8 mM glucose

Reaction c/ I'K,, c/ ['/K,, c/ I'/K,,
Glucose transport 0.63 9.2.10°
HK 0.04 << 107
PFK 0.01 << 107

Flux versus 0.10 0.17

enzyme/gene 0.09 0.20
dosage 0.06 3.4.107
! - } 0.01 << 107
Pyruvate transport 0.5 dz@%} z%z el 0.00 << 10°
GDH 0 L e 006 9100
GPO 9 0.01 << 10’

ATP utilization 0.00




"'firsi_f" of Systems Biologys
nimationYawafer flux*control
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Silicon cell

Made a discovery

This Is a true story:

Kacser & Burns and for other
theorems:

VVan Dam et al.




Systems Biology

~ The Life of Biology

The guantitative experimentation of
piochemistry/biophysics

The precision of physics

The certainty/generality of
mathematics

- Systems Biology:
Cf: GU)/ Shl/?&l’ From Molecules to Life
ustria, EU, March 10-16, 2007
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w Ein Gedanken Experiment

A thought experiment

A cimew il abrahing e R cowctions 177 010 1 w1
rorhecualss A0 ells,




fee S . _‘i | MCH]%%IER
PLUIEVE proof of the summanien:

SNEH=Nthe percentage increase in steady state flux
IReEractivates only enzyme 1, keeping all other
pElEIlIELErS constant

SEHHECY= the percentage increase in steady

= siate fitx I one activates both enzyme 1 and
e enzyme 2 by 1 %, keeping all other parameters
= constant
- & G +CL+C+.. . +C’ =the percentage increase in
steady state flux If one activates all enzymes by

1 %, keeping all other parameters constant =
2777

Systems Biology:

From Molecules to Life
Gosau, Austria, EU, March 10-16, 2007




d—X:100—7O—3O:O
dt

dX Cf. Ursula Kummer, Frank
E:110—77—33:? Bruggeman

Systems Biology:
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d—X:100—7O—3O:O
dt

d—X=110—77—33=O
dt
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Steady state iIs established

d_X —100_70-30 =0 immediately
dt No change in [X]

dX Same percentage change in

——~ =110-77-33=0
dt fluxes

2" FEBS Advance: d Lecture Course on
Systems Biology:
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?'Systems Bielegy:
Mmation law.forflux-control...and..

P

0
,.JC" +C, +C; +C, _10% =

10%




WeiESystems, Biolegy: M
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10%

=1
10%

__-;;—ClJ +C2J +C3J +Ci —
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”ﬁ&ystems Bielegy: g

stinmeationslaw.forfiuxscontifol’: anae
o) entration control and n0|§e_
CJ trol

0
-:--;§:5C1J +C; +C; +C; _10%
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- 3/;' s Blology a5 methodology
— r)a ecise definition of biological concepts [ |
BOualitative pielogical understanding through

quantlflcat|on L
1 ~— Silicon cell/JWS —

— Generality: mathematical proof & thought
experiments [

— A definition of robustness

T
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/o understand

I robustness/health

\WWe need a definition of
robustness/health

Systems Biology:
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MANCHESTER.

ample:
Robustness of the flux

When enzyme activities are

. NADH

o A eliminated

Glycerol

2" FEBS Advanced Lecture Course on

Systems Biology:

From Molecules to Life
Gosau, Austria, EU, March 10-16, 2007




MANCHESTER.

Example:
Robustness of the flux

When enzyme
elimj

. NADH

© NAD
Glycerol

When enzyme activities are
perturbed

2" FEBS Advanced Lecture Course on

Systems Biology:

From Molecules to Life
Gosau, Austria, EU, March 10-16, 2007
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INItion of robustness

In the tutorial
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perturbation

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

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

2" FEBS Advance: d Lecture Course on
Systems Biology:

From Molecules to Life Moving targets
Gosau, Austria, EU, March 10-16, 2007




MANCHESTER

pEfexample ot tobustness

Ll

= ]
PR, -
e

2
=

Flux versus enzyme activity

1 1.5
Enzyme activity

2" FEBS Advanced Lecture Course on
Systems Biology:
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example o tobustness
5% decrease In enzyme activity .

1% decrease in function ( flux) J
enzyme activity

=
|

1 1.5
Enzyme activity
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Alficxample ot tobustness
g 5% decrease in enzyme activity .

“ ~ 19 decrease in function (flux) J

Ivity versus flux

N W

EngLne activity

0 0.2 0.4 0.6 0.8 1
Flux ﬂ
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’ — ’ - —————
BEVV rebustness el processesimrsolation

B = 1% decrease In enzyme activity
1% decreasein function ( flux) J

Fluxversus enzyme activity

=
._.n—-_ S :: !
= LL
1
O a ! ! ! !

0 0.5 1 1.5 2 2.5
Enzyme activity |
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@io) fo emle of lack of robustness

~ 0.1% decrease in enzyme activity o1
® ~ 19% decrease in function (flux) J

Flux v&rsys enzyme activity

0 0.5 1 1.5 2 2.5
Enzyme activity

"l FEBS Advanced Lecture Course on
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IMiGtie precise defitiition of robustness

dlnenzyme, dIn function;
dIn function, dInenzyme,
all other parameters all other parameters

functionj
€j

( oenzyme, / enzyme,

ofunction. / function.]
J V' Jall other parameters

—
b, L

__i.e. the inverse of this slope

1 1.5
Enzyme activity

2" FEBS Advanced Lecture Course on

Systems Biology:

From Molecules to Life
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IViGEErprecise detinition of rtobustness

. e—

4&1@5@:5&01‘ this slope

1 1.5
Enzyme activity
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ANRexample ot high robustness

23% decrease In enzyme act|V|ty
“ ~ 19% decrease in function (flux)J

Flux ve enzyme activity

0 0.5 1 1.5 2 2.5
Enzyme activity
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- 3/;' s Blology a5 methodology
— r)a ecise definition of biological concepts [ |
BOualitative pielogical understanding through

quantlflcat|on L
1 ~— Silicon cell/JWS —

— Generality: mathematical proof & thought
experiments [

— A definition of robustness (]

T
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ANRexample ot high robustness

23% decrease In enzyme act|V|ty
“ ~ 19% decrease in function (flux)J

Flux ve enzyme activity

0 0.5 1 1.5 2 2.5
Enzyme activity
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ROIUISTHESS

TR, f——— s i —

2 het S more than one deflnltlon
— __.hn Poyle's/Kitano definition: frequency
Seemain
FERObUStness vis-a-vis gene deletion
__._ —— Guy Shinar: variation of concentration of

= '_-—

= protein form with total concentration of that
protein

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

Systems Biology:
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Gosau, Austria, EU, March 10-16, 200
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andi tissues may not be classiCal, s
RUEY are NEWENKS '

-
=

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

6, 2007



MANCHESTER

T-LO3-Toward the theory of biological robustness and its application to drug
design

Hiroaki Kitano

Sony Computer Science Laboratories, Inc., The Systems Biclogy Institute, Department of Cancer Systems Biology, The
Cancer Institute

Robustness is a ubiquitously observed property of biological systems. lt_i_s_cggsidered to be a fundamental
feature of complex evolvable systems_ |t is attained by sgvp;al-udtmmrmg prin::ipTe's'tﬁ!af areruniyersal to both
biological organisms and sophisticated engineeriqgsﬁtems. Robustness facilitates evnlvabilit'_-,f' amd robust
traits are often selected by evolution. Such g tutually beneficial process is made possible by spagific
architectural features observed in robust syétems_ But there are trade-offs between robustness, fragilitg,
performance and resource demands, whith explain system behaviour, including the patterns of failure

Insights into inherent properties of robust=systems will provide us with a better understanding of complex

diseases and a guiding principle for therapy gesign. ’,'

*

Many potential drugs that target causative diséage genes have been found to be less effective than Ilapéd,
or to cause significant side-effects. The intrinsic m’tﬁmtr;,qss of living systems against various per_tuib'a‘unns IS
a key factor that prevents such compounds from being S.LT{'I'EEifuL..QE studying, gqmplea(-néﬁmrk systems
and reformulating control and communication theories that are well established in engineering, a solid
theoretical foundation for a system to control the robustness of living systems, particularly at the cellular
level. could be developed. Here, | use examples from drugs currently on the market to illustrate the concept
of robustness and then discuss how greater consideration of the importance of robustness could influence
the design of drugs that are ultimately intended to control complex systems.
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pEffexample ot tobustness

Ll
= ]
PR, -
e

2
=

| ¥

..I ] l!"'ll. 4l
'llll

L‘Ih'..l.:

|
k
|y

Function

O
o o1 B

0.5 1 1.5 2 2.5
Concentration of potentially important factor

o
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By what petcentage can I perturb a
component process of the system and
affect system function by only 1 %?

Systems Biology:
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Gosau, Austria, EU, March 10-16, 2007
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Processe:

B = 1% decrease In enzyme activity
“ 1% decrease in function ( flux) J

Fluxversus enzyme activity

S
B

0 0.5 1 1.5 2 2.5
Enzyme activity |

" FEBS Advanced Lecture Course on
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Gosau, Austria, EU, March 10-16, 2007
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JWSapplet - ver 4.1.1  Bakker
Bl | Parameter | value | Evaluate Model
P23 1 YWy 1. -
P29 1 kTGAF 014 | State
P30_u kIMAD 0.45
P31 _"."1 K? N.&.DH |:||:|2 Steaw_state nnalyse
P32 KYBPGATZ 01
P33 YWmaf 533
P34 vl Wmer 149.24 | @ Steady State
P3a_ YWma 1.
P3g_vi  KeDHAPg D1 () N matrix:dsidt=N"v
P37 _w kKarADH 0.m
P33_1 kKaMAD 0.4
P39 1 kBGIIPY 2 D K matrix: J=K*Ji
Fa0_ W4 18
Fa1 1 FAGI3IPC 1.7
Fa2_vi W1 200 ' L matrix: s=L *si+T
P43 k1 0Py 1.96
Fa4 1 Wl 1f G40
Faa_ Yrml11r 18.56 i1 Jacobian: didsidt)ids
P46_1 Wl 1.
P47 K11BPGA13 0.05 - |
' Eigenvalues
web MATHEMATICAD «  Moi | Reset
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ASSIgnments

Calculate robustnesses for
Silicen cell flux with respect to
reactlons

B —__—
-

- 3.Vary one of the activities
4.Do the same
5.1Is total robustness constant?
6.Take the inverses.
7 .Repeat

== 1'-""'__2 Add them up

Systems Biology:
From Mplecules to Life

Gosau, Austria, EU, March 10-16, 200




Callel ating robustess[_j
Fe _1fy|ng pProposed constant robusthess [ |

SSEdlCiing for new theorems [

—-r:
=
-..-'-
o —
= e

= %I—Idw 10 enhance robustness; a paradoxical
_principle -

Systems Biology:
From Molecules to Life
ia, 10-16, 2007

Gosau, Austria, EU, March




r\re |ochem|cal networks robust’?
> JJ bustness conserved ?
R IS conserved

S STRohustness through fragility
gustness and signal transduction
pustness as disease
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T-LO3-Toward the theory of biological robustness and its application to drug
design

Hiroaki Kitano

Sony Computer Science Laboratories, Inc., The Systems Biclogy Institute, Department of Cancer Systems Biology, The
Cancer Institute

Robustness is a ubiquitously observed property of biological systems. lt_i_s_cggsidered to be a fundamental
feature of complex evolvable systems_ |t is attained by sgvp;al-udtmmrmg prin::ipTe's'tﬁ!af areruniyersal to both
biological organisms and sophisticated engineeriqgsﬁtems. Robustness facilitates evnlvabilit'_-,f' amd robust
traits are often selected by evolution. Such g tutually beneficial process is made possible by spagific
architectural features observed in robust syétems_ But there are trade-offs between robustness, fragilitg,
performance and resource demands, whith explain system behaviour, including the patterns of failure

Insights into inherent properties of robust=systems will provide us with a better understanding of complex

diseases and a guiding principle for therapy gesign. ’,'

*

Many potential drugs that target causative diséage genes have been found to be less effective than Ilapéd,
or to cause significant side-effects. The intrinsic m’tﬁmtr;,qss of living systems against various per_tuib'a‘unns IS
a key factor that prevents such compounds from being S.LT{'I'EEifuL..QE studying, gqmplea(-néﬁmrk systems
and reformulating control and communication theories that are well established in engineering, a solid
theoretical foundation for a system to control the robustness of living systems, particularly at the cellular
level. could be developed. Here, | use examples from drugs currently on the market to illustrate the concept
of robustness and then discuss how greater consideration of the importance of robustness could influence
the design of drugs that are ultimately intended to control complex systems.
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23% decrease In enzyme act|V|ty
“ ~ 19% decrease in function (flux)J

Flux ve enzyme activity
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B = 1% decrease In enzyme activity
“ 1% decrease in function ( flux) J

Fluxversus enzyme activity
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- JJ bustness conserved ?
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S STRohustness through fragility
gustness and signal transduction
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IS robustness conserved?
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When system Is made more robust Vis-
a-vis perturbation of one of its steps?
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step transporter
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g part: results
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stimiever all fragilities=inverse

e

OIUSINESSES =i —

1/robustness :
doubled glc

step 1/rebustness transporter)

Glucoese
transport 0.887 0.011

GAPdh 0.024 0.249
HK 0.024 0.051
PG 0.001 0.002
PEK 0.004 0.018
ALD 0.026 0.354
TPI 0.002 0.016
GDH 0.015 0.166
GPO -0.004 -0.068
PGK 0.016 0.144
PK 0.001 0.014
ATPase 0.003
GlyK 0.039
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IRIIE [BIUStAESS VIS-a-ViIS an already
rm@ step Is decreased, average
rr Jlistness may increase

__ B Crifice principle: robustness
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41.6
42.4
1545.9
233.6
38.3
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65.7
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4
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ERKERRprofile upon EGF stimulation MANCHESTER
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Oncogenesis

Which type of step is amplified?
Robust or fragile?
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Detailed kinetic'model of signaling by EGF
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MAP Kkinase signaling: which steps are robust?
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Pnicogenes may affect fragile steps
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ahid make the cells more robust:

robustness as disease
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| ] normal

4
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B mutant

3 less fragile; 2 more fragile

Hence:
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d ificrease the tobustness of that
-ltep:

— '_?_-'-"-;That step is not a good target
“STumor cell is more robust with

respect to the process amplified by
the oncogenesis, but is likely to be

less tobust on average
*Some other steps must be more
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Yes: 3 less fragile; 2 more fragile

IHence: tumor cell less sensitive to inhibitor of amplified
step: Not step 3 but step 2 is the preferred target!!
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