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Systems Biology:

sighaling where to go
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¢ Interactions & loops & emergence

¢5 Towards applications: Network-based drug design anti-
parasites

6 Silicon cells

&5 Systems Biology a science: laws and principles
¢5 Improved understanding of multifactorial disease
¢5 Two paradigms for antil tumor drugs

¢5 What regulates function? Gene expression or S
metabolism? S —
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Sequence, transcriptome,
proteome, metabolome, ....

SeqUignce creates e
Copperiamnities s 7
- .

Soon we will know all molecules and their
abundances......
>

S0, we will understand all the facts, or shall we7=
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Systems Biology then?

But ‘this is only more
computing'.....

7 and ‘high throughput
Xﬁeﬁments’/\)
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Signaling where to go.....

5 The essence is:

Qp Qb

5 The emergent properties of the
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> The essence of Systems Biology is not

in computing or in high throughput
experimentation

networks

2 The laws and principles that govern S S
how! these arise from the interactions
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Systems Biology
defined by
example

by many
Systems
Biologists

"S}sfeﬂlgEﬂﬂﬂJg.y.."""ll...
Definitions and Perspectives a®
N ESwrie o BOmicE i @usraniGermie s 2
Alberghina, Lilia; Westerhoff, H. (Eds)
20048, Approx. 425 p. 88 illus., 10 in colour., Hardcowver
[SBM: 3-540-22968-3
Dnline werzion availakle

Cnline arders shipping within 2-3 days.

About thiz book | Table of contents

About this book

For life to he understood and disease to become manageahble, the wealth of postgenomic
data now needs to be made dynamic. This development reguires systems bialody,
integrating computational models for cells and organisms in health and disease;
fquantitative experiments (high-throughput, gename-wide, living cell, in silica); and new
concepts and principles cancerning interactions. This book defines the new field of
systems hiology and discusses the most efficient experimental and computational
strategies. The benefits for industry, such as the new netwark-based drug-target design
validation, and testing, are also presented.



Systems Biology is not:

genome-wide molecular

biology or computing
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but it is not just Physics
either



The beauty of Physics is:

R e ——

Cause 1

!

Effect 1 = Cause 2

!

Effect 2
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The reality of Biology is:

R e ——

Cause 1 = Effect O

!

Effect 1 = Cause 2

!

Effect 2 = Cause O
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(The reality of Modern
Physics is©©:)
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Cause 1 = Effect O

!

Effect 1 = Cause 2

!

Effect 2 = Cause O
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What is it that we are
looking for then?

San Steen A =N
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Life arises not just in the isolated
molecules but in their communication

And loops are essentlal for this phenomenon

>
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Life arises not just in the isolated
molecules but in their communication

And loops are essentlal for this phenomenon

>
San Steen g
EP-»- - .f . . . - b ! = i

Weelerliaff ef &l Gfard, 051122 \ Systems Biology; signaling where to go....



Where is the rub?
of Systems’ Biology?
L A———

The properties that arise
in nonlinear interactions

N

Through the i % .
1 ‘ : L -

dynamic- TN

dynamic modes: We needto =

understand/manage
these modes



Dogma of molecular biology
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Genome ——Hnun—___
Transcriptome

Proteome
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Monod: lac operon

Genome ——Hnun—___
Transcriptome

Proteome
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True Cell Biology

GenOme \ (//Q“r—om
Transcriptome

Proteome
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Integrative Systems Biology:
How to deal with circular causality

Transcriptome
Proteome
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Systems Biology should deal
with circular causality
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Does it always do so ......... Prp
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5 Correlations

dbBayesian networks 222 (without the feedback

sbFeedback & loops not often dealt with explicitly
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Loops are essential for Systems
Biology and approaches do exist

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. L ——
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Systems Biology:

sighaling where to go
_- ~ == oo o

# Interactions & loops & emergence |

¢5 Towards applications: Network-based drug design anti-
parasites

6 Silicon cells

&5 Systems Biology a science: laws and principles
¢5 Improved understanding of multifactorial disease
¢5 Two paradigms for antil tumor drugs

¢5 What regulates function? Gene expression or S
metabolism? - —
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Systems Biology is a Science
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£ Definitions

sEPrinciples/laws

#£Validation

s5 Ut lization S
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Rational (?) drug design
e e

The GInK The GInK

s Design inhibitor for the enzyme
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Elementary mode, minimum cut set

versus dynamic modeling

2 Works for deletion
mutants

¢8 To kill parasites/tumor
cells inhibitors will have
to be used

¢5 These do not inhibit by
100 %

¢5 Dynamic model needed
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Paradigm 1:

Network based Rational drug design first!

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

#£0nly then:
£ Design inhibitor for the enzyme
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drug design:

Where 1s the best
target?
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Network based drug design

-~ e ————
F£Kinetics of individual
ENZYIMES

8 Calculate which

reactions control

(limit) the flux ©
s5Design an inhibitor
for those reactions
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www.siliconcell.net

The silicon cell approach __

¢ If important properties
stem from the
SiC!: The Silicon Cells interactions, then ..

¢ If we know the
A silicon cell is a precise replica of (part of) a living cell. 1tis Com ponents a nd the

based on experimentally determined rate laws and parameter values, i.e. only on

data not on l|tt+*d valu«». or as umptlmc. it tnt‘:rpllj-r .all:-l.llﬁ_l:- 5 the system . I nte ra Ctlo n p ro pe rtles .
cel Tl ereb ers (i) fri :. ic
i.:f.:_ {'B:’f Ihl.lhél;ﬁt I.l uses p Hi‘-:i-"-ﬁﬂb{.l u}tpvnn'wntarll; dete |m|||+a1 I{m ‘l| ||||p f|c M thp 8:g We Sh O u Id be a b I e to

San Diego initiative in mat itc al ulatpc. kinetics, rather than analyzing which

ractualy used calculate important
ra exprosaion | properties
¢ And by checking these,

verify we understand the
~ biology. Dl

website with silicon cells that can be run over the web.
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WS Online Cellular Systems Mndllipgl_ |

TPROTEIN

§at
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TR i

Home Model Database Site information Forums

Linked to FEBS Journal and Microbiology

Mew! Qur discussion forums are now live: try the Forum pages.
""" =1 = terms JRE 1.4 ar higher

www.siliconcell.net

© Brett Olivier and Jacky 3noep, Stellenbosch raversity and Viije Universitedt - Amsterdam, 002
aite last updated: 03 December 2002

AN
o TR N
sl = |
] [ ] ] [ ] ] [ ] = I"l' | E— [ ] ] [ ] ] [ ] > :

Systems Biology; signaling where to go....



Let us try...
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How to measure whether an enzyme
is limiting the flux

percentage decrease in fluxJ

C’ =

l

percentage decrease in enzyme activity

1.5
Enzyme activity
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10% decrease in fluxJ

10% decrease in enzyme activity

1.5
Enzyme activity




How to measure whether an enzyme
is limiting the flux

percentage decrease in fluxJ

C’ =

l

percentage decrease in enzyme activity

1.5
Enzyme activity
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Definition of how important a process is for
function: flux-control coefficient

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

) dln|J] AL gy
steady state

dlne,

N del' - )| %del-
ei

dlne;: activity (rate) modulation of process i

i -
*I - " " " = P ‘

£ -
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Control coefficient
i

s Control of a system property by a
componen’r activity

ssImportance of component activity
for' that system property




Control of glycolysis

Reaction

Glucose transport

HK

PFK

ALD

GAPDH

PGK

PYK 7
Pyruvate transport
GDH

GPO

ATP utilization




Silicon trypanosome: flux control is
distributed with some focus on

transporter

metabo
[ gyeciyti L L el - T =
Cyeclyeis i Trypanosoma bricce - modi] atal. - 2001 e [Ty
b Comporaisdi Modul - T " eral e pyuces
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GAPDH Flux versus SRZyme-activy
enzyme/gene

PGK _CJ{

dlnul] Yy
dosage N
PYK
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Pyruvate transport
GDH
GPO
ATP utilization




Experimental validation: control by

transport indeed approximately 0.5

1( Physiological —0
« [glucose] (e,0) .
v 18 %
©
o
‘= 60 - R
S R
S 40 - T
o ! -
S 20-
N
8 -
0 + T T T T T | i T |
Earl iments in transportation e 0 50 100
R g Glucose uptake rate (% of

uninhibited)

5';-"-- [

IS D DS ] DS P LSS P EEEEs D . —&I l' ---------
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Where to
target drugs?

The glucose
transporter

m
i
t
0
c
h
0
n
d
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i
Q
n

glycosome
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Drug-target paradigm 2

(parasites)
T —

s Inhibit the step with the highest control
on vital flux of parasite

= I
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However: genomics shows.....

-—mmstainiia———— - e

High homology between
parasites and host:

—PARADIGM 2 may not always
work



Drug-target paradigm 3

(parasites)

s8Inhibit the step with the highest
diffrerence in control on vital flux between
parasite and host

A
E' T = i
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Control over the ATP synthesis flux

@
@
4,

cytosol

The Silicon Cell: detailed metabolic models
Dietailed ghyeolytic modsl in Lactoesses kazhis - modal Hoefngel ef ai - 202
Glycalysie i Trypanosema bruses - mods] Bk o al, - 2001

A Comgistationsl Modsl For Clycogenolysie m Skelelal Muscls - gods] Lambelh ot al. . 2002
Pyruvate branches in Lactoseccus Lacts - mods] Hesfuagel et af. - 2002
Glycalysis in Saccharempoes carevisiae - modsl Teusink ¢f al. - 2000
Jucrogs accumulabion i sugarcans - mods] Bobvwen &f al, - 2001
Bactemal phospholranefemacs gystom - mods] Bohwwen ef al. - 2001
Threonse pymitiesss pallweay m E. cob - mods] Chaeeagrole of ol - 2000
Hanstics of Histons Gene Expression. model Kosteretal. - 1588
Cityes & wariables - mode] i et al - 1990
Full acnls mods] of glyealysms = Sccharompees cerevisio - mode] Hymie o cal, - 201
Cruantsfieatinn of Shart Teem Signnling by the Epidemmal GFR - model Fhalodsrikn et al - 1999
Fiad Blood Cell Modsl - mods] Mulquney e al.
Mechanism of protection of perosidess activity by oscillatory dyremics - mods] Cilgen ot ol - 2005
Dnmamic model of Bschericing coli trypaphan opeson - padel Bhartiys et al, - 2003
MCA of Glyceral Syrihasis in Seocharompees cerevisias - qods] Cronwmght of sl - 203
Mathemalical modelinyg of e ures syels - mods] Malier of ail. - 2003

A karielac model of e branch-powil between tie mettoorone - mods] Cunen ef al. - 003
Modelling Photosynthesis and its controd - modsl Poolmen ef al - 000
Gl Cyele Model - mode] Tyann o al. - 001

I situ Kinetis anatysis of glycralase ] and glyonsdese Il in Sacchasomyses - model Megtins ¢ al, - 2001
Fiinetic moddel of bussan erytheocytea - mode] Holshitter of al. - 2004
Fametce ofitra. and mbemmolecula symogen aclovalon ... - mods] Fusnles of o - 2004
FRE phnsphorylstion and Enaarfphosphatase eontenl - model Homherg et.al - 204
Buatesnad oszillationa in ghyeolyaia - mode] Hielaen etal - 1998

Micrebislogy
Eur, ], Beochem.

Eur . Buwchem
Eus.J. Brochem.
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B B0 B3E BEE REGIEERE

TBEE EEE FERZEEEGEEEER

BEEE
Bt

530 TTTQ30300 T3

glycerol

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

glycerol

erythrocyte! »

. . . . - p ‘ J
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Good news: it delivers
S

Bad (?) News: we need to
make silicon cells of more
host tissues



Systems Biology:

sighaling where to go

# Interactions & loops & emergence |

¢5 Towards applications: Network-based drug design anti-
parasites D

% Silicon cells | |

&5 Systems Biology a science: laws and principles
¢5 Improved understanding of multifactorial disease
¢5 Two paradigms for antil tumor drugs

¢5 What regulates function? Gene expression or S
metabolism? hrrg
i = eza )
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Systems Biology is a Science
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£ Definitions

sEPrinciples/laws

#£Validation

s5Utilization S
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Looking for a principle
A . . o

Where did the 1 go?

(of THE rate limiting step
/

total limitation/importance)



Silicon trypanosome: total flux control is 1

8 mM glucose

Reaction c/ 7K.,
Glucose transport 0.63 9.2.10°
HK 0.04 << 107
ALD enzyme/gene 0.10 0.17
dosage

GAPDH 1 | 0.09 0.20

PGK 0 | o u | 0.06 3.4.10°
Pyruvate transport 0 | \ | o 0.00 << 107
GDH 0.06 9.1-10°
GPO 0.01 << 107

1 - - ) ) = B |
(471 =5 . Systems Biology; signaling \ /k ‘rJuQ‘l
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The first law of Systems Biology:
summation law fqr flux c_qntrol

J J J
Ce1 |- Ce2 + Ce3 +

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

[ ] [ ] [ ] 3 £ * > {
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The old principle:

dThe first
irreversible step in
the pathway is the
sole rate-limiting
(important) stzp

#£1s this correct?

A —
5' .| % \
. Meenad > LV §
E"l:l - ATl |
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The new law:

38 Total control is 1

#5 Control may be
distributed

¢t Intuitive proof:

~lincrease all enzymes by
1 %

~ISteady state

maintained and flux up
by 1 %

E i (N0 B |

E# --—-.-
[ ] ﬂ‘: _I.'“- — [ ]
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Integrative Systems Biology:

Laws in Biology? 22 s
With implicationEily o




Drug-target paradigm 2

(parasites)
T —

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

)

SWe want

(@

more!
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From EGF to Mitogen-activated protein
Kinase cascade

cell membrane

other
factors

1
. 1
Translocation

to the nucleusi MKP-1
MKP-2
P v

VHR

[ ]
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ERK-PP in single cells upon EGF stimulation

Green: total ERK
Red: ERK-PP



ERK-PP profile upon EGF stimulation

T\r \ Time matters

3
L
o
o
X
o
Ll

ime profile of ERK activity is critical for the

ellular response, e.g. Marshall (1995) Cell, Tombes et
[. (1998) Biochem J., Cook et al. (1999) Mol. Cell. Biol.




Systems Biology is a Science
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sEPrinciples/laws

#£Validation

sUtilization S
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Control coefficient:

relative change in concentration caused by a relative change in
kinase activity

o X0 _ A X() 1 X0
kinasel A Vmax,, . /Vmax,, .,

0 5 10 15 20 25! 30 35 a0 a5 50 N

time

' 4 I
s s =a )
n ﬂl _-ﬂ * n L] n L] n >

7.z Systems Biology; signaling where to go..-. | —"J
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Control coefficient

relative change in concentration (or duration or area under the
curve cau tive ch Lvi

C}[/X(t)] B dIn[ X (¢)]

= dnV,

max., l

of [T \— N
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Science .....

£ Definitions

sEPrinciples/laws

#£Validation

A —
e YU ey T LN
B o -
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Huh, just sensitivity

coefficients ....
e

)

s5Can you give a law they should obey?

A —
Eﬁ 7 , [l :I'I '% '
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Signal transduction:
New laws (with proofs)

In[EP]

n

l:1 R /

\ 4

logarithm of tlfrﬁ

P -

it =z )

E. “ _l‘ W— ar " ] [ ] [ ] L] > ; M
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Signal transduction:
New law

In[EP]
n
Cconcentmtion(t) _ Cconcentmtion(t)
z ‘, i Mt I
= e SS
logarithm of ti
|l>|]
SEE N
E.F.....- = . . . . p 'm i
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Time + rates transformation
invariance

c;’ are the concentrations c; after

C = C; (05 transformation

at,c(0))

JJ’

AT VBV AR WRIA())] ).: Special transformation

c(t) is invariant to this
transformation

fil=
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Euler’s theory of

homogeneous functions
I.__ _- = == - -

E N
)

Piaco ! Systems Biology; signaling where to go....
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Euler’s theory of

homogeneous functions
I.__ _- = == - -

1
Pz
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Euler’s theory of
homogeneous functions

Tp)=g(pesp,)

i s ©Ih )

i -~ Systems Biology; signaling where to go....




Signal transduction:
New law (with proof)

Cconcentmtion(t) _ Cconcentmtion(t)
i Mt

i=l1

\ 4

logarithm of tlfrﬁ

fe s ‘e |
" = : - - e | ,
2 YR

- i \
Westerlicll ef &l.. Giyfard, (051172 ~- Systems Biology; signaling where to go.... SR




Signal transduction:
New law (with proof) for amplitude

n

amplitude(t) __ ,~yamplitude(t) __
> C =C, =0

i=l1

=

logarithm of tlfrﬁ

P -

it =z )

E “_l‘*— ar [ [ [ ] [ ] L > ;M
Westeriiafl ef &l Oxfard, 039922 (4" 0 =~ Systems Biology; signaling where to go....



Control of kinases and phosphatases on signaling;
Three level cascade in silico

X3
— time
Control on MERES phosphatases Sum
amplitude
1 1> 21 T ol 2 | R
0.17 | 0.26 | 0.45 | -0.14 | -0.19 | -0.36 | -0.18 | 0.01 II/,I
>l
A
' Y N
Westerlicfl af &l.. Gy fard., 0517272 .:lﬂ -: Systems Biology; signaling where to go.... | —"J




The new law as principle
T —

n
Cconcentmtion(t) . Cconcentmtion(t)
i Tt
=

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

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

#5 Phosphatases together are more important for
concentration in the decreasing phase (sum =negative)

>
A

¥ i iy 7 N

o EXa |

- - -
{ - ) ) ) | ;
Westerliofl ef &/, Oifard, 057922 [y 0 =~ . Systems Biology; signaling where to go.... ot




Signal transduction:
New laws

CAmplitude . X I
E : —

1 EP] Amplityde

,, | ss

n < |
Duration Duration >
> C 1 | =3
) tim
= y
D
A —
¥ “ =
El.*"‘"" 3 . . . - p !m i

Weelerliafi et ., Gydard, OG1122 n i e Systems Biology; signaling where to go..



Control of kinases and phosphatases on signaling;
Three level cascade in silico

X3
— time
ERES phosphatases Sum

Amplitude | 0.17 | 0.26 | 0.45 | -0.14 | -n1a | -0.36 | -0.18 | 0,01 |D

Duration (0.06 | 0.09 | 0.12 | -0.46 | -0.37 | -0.34 | -0.12 | -1.02

L I [>|]
A — N
ST -
i a -
1 _-_ = = u . u = P

. Systems Biology; signaling where to go.... | —"J
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The new laws as principles
—————— . —

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

s5Phosphatases together are more important
for duration (sum =-1)

' Y
Pl o ezh, |
n ﬂl _-_ * n n n n n >

) —-'J
=4 Rl * - - = ‘ =
Weel{erlicll ef &l.. Gyfard, (51122 ., -y Systems Biology; signaling where to go....




The new law as principle

¢ Kinases together are equally important for amplitude as the

phosphatases together (sum=0)

#& Phosphatases are more important for duration (sum=-1)

¢t Kinases together are more important for concentration in the
iIncreasing phase (sum = positive)

#5 Phosphatases together are more important for concentration in

the decreasing phase (sum =negdative)

i
it
3 {E

=

Weeterliafl ef al.. Gyfard, 0511727 [
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Kinases more important for increasing phase

Experimental validation: MEK inhibition EGF

I EGFR—Shc/Grb2/Sos

l |

! iEGFR Ras

—e— control Raf
=5 uM PD 98059 —| ¥
10 uM MEK
3 v
;" —e— 25 uM s
5 ERK-PP  ERK
< PP ER
14
Ll




Experimental validation: phosphatases EGF
imJ oortar.lt.ff)r decreasing phase e SR
PTP inhibition I | |

' IEGFR SCE

: Raf

100 1 ‘ —e— control

M.’\ —=—100uM VD
80 - I —a— 200 uM VD
|

hi
MEK

v
‘.-——_-—lﬁ\
ERK-PP ERK

(=23
o
!

ERK-PP (a.u.)
H
o

60

time (min)




Systems Biology is a Science

- I- 9 I
- — D e R —= — e —

£ Definitions

sEPrinciples/laws

#£Validation

s5Utilization S

I -

RN

[ [ [ [ * T [ [ [ >

5[] Bt j
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Systems Biology then?

l M_ = —— - -
But ‘this is only more

computing'.....

% and ‘high throughput
XDENME th

— > Cconcentmtlon(t) Cconcentmtzon(t)
2‘, i Mt

and now this b.... Maths as —

. ———

o -
e —’,:r g“—-v-.,”- u n " u = P ‘ /

et el Oyfard, 057922 [j3° 7 =5 . " Systems Biology; signaling where to go....




What was this mathematics good for?

2 : concentration(t) concentration(t) __

i=l1

d5To show that some Systems Biology detives from
Mathematics, not from experiments: extra powet

#To show what one should sum over, i.c.

d5Not ‘just sensitivity coefficients’: a special subset
related to the two main principles of
biochemistry/molecular biology

A —
E. , .. '% l
mmms (e A~V
e )
Weeferliafl ef 2l.. Gy fard, OG11727. | = Systems Biology; signaling where to go.. —
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Paradigm of biochemistry
e ———

s5Every process Is
carried out
(catalyzed) by a
protein (enzyme)

e il T LN
Dl

£ “.'._1“..1-' [ ] [ ] [ ] [ ] [ ] ‘
_E'" I > | “
Weelerliaft et 2l Gidard, G112z |Gl == =
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Paradigm of molecular biology
R ———

ssEvery protein Is
encoded by a
gene

e il T
7 e

i
n n n n n % L n n >
e R Jp—
Weeterliall ef 2., Gifard, 0571272  [37 0 = . Systems Biology; signaling where to go.... st
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Paradigm of systems biology
s

n

: : EV a ry System Z Ciconcentmtion(t) _ thoncentration(t)
property is '
determined by all the
processes

#5 This then relates
every systems
property to proteins
and genes

2‘ -l l :I'I

Maie ‘eza |
[ ] B “ _l“ :':*_ i [ ] [ ] [ ] [ ] [ ] > ‘ ;
Weelferliafl ef 2., Gy fard, OG117272 m_ — .y Systems Biology; signaling where to go.... -




Systems Biology:

sighaling where to go

# Interactions & loops & emergence |

¢5 Towards applications: Network-based drug design anti-
parasites D

% Silicon cells | |

¢ Systems Biology a science: laws and principles |
¢5 Improved understanding of multifactorial disease
¢5 Two paradigms for antil tumor drugs

¢5 What regulates function? Gene expression or S
metabolism? —

] ] ] ﬁ' _-_ *‘ ] ] ] ] ] > ;
Westerliafl ef 1., Gy fard, 051177 “., ' = Systems Biology; signaling where to go.... —



Your suspicions about the

importance of the oncogene

EGF

¢ Search for the gene
that causes cancer EGFR— Shc/Grb2/Sos

}

¢ Implication: the sole EGER Ras
target? e

o*

*

*
I .
L L]
: al :
. a
.

*

&
* *
'--.‘l::=-‘

5MEKE
AN - - ““‘......*._-::T\
i Biology is more " ERK-PP : ERK

& Your suspicion:

subtle than this

A

E' .|| l! % \

[ ] Ei \"l‘hl--': [ ] ] [ ] ] [ ] > En il
g"u- s J
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Suggestion from Systems
Biology
T i —

s8Control not in a single gene, but
distributed

s5Bad news?: all genes are oncogenes?

s5Again perhaps: against you intuition;
Biology: is less random than; this

E' _-"_.‘l'l |'!_ = i

n n n
IBEAL \ ;
Weeterliall et &l.. Gidarn, 0510122 (G0 =y Systems Biology; signaling where to go.... o




Example: model of signaling
from EGFR to Ras

The Jourkal or Bowaioer Caewistee . . Vol 274, Ho. 42, lssue of Ortober 16, pp. 2018820181, 1552
& 1069 by The American Soriely for Biochemisiry and Malesular Biclogy. Ine. Prinfed tn USA

Quantification of Short Term Signaling by the Epidermal Growth
Factor Rec eptor

{ Recaived for publication, July 29, 1952, and in revised form, August 4, 1905

Boris N. KEholodenkoii, Oleg V. Deminil, Gisela Moehrent, and Jan B. Hoeki

From the iDepartment of Pothology, Ancfomy and Cell Biology, Thomas Je wort Uiniversity, Philodelphia, Pennsylvania

19107 ond the 1A N Belozersky Institute of Physico-Chemical Biology, Moscow State University, Moscow 119599, Russia

Silicon Cell website

Olivier and Snoep (2004) Bioinformatics >
Snoep and Westerhoff (2005) Curr. Genomics

| e I |
" " " " " " ;"!“_‘-.- min " " " " = P J
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Detailed kinetic model of signaling by EGF Schoeberl et al. (2002)

¥ J - 2318)
y { LRl s =
b gEGFit EGF-EGFh ATP mr ,e // e Vd S/ T (EGF-EGFR")2-GAP-Grb2
1By (EGF-EGFR")2-GAP-She |/
EGFRL EGF-EGFFh—-— [EGF- EEFH“RT--iEGFaEGFHI " - | — -]
vio vt /w21 70 Y Gris2 24
,-' i i —=Spg
%] i - ) | ’/ / _‘--\
5 Yo E 3:(:4lm_ ap. LA / '
EGFRideg (EGF-EGFRI")2deg P GF-EGFR*2-GAP-She 5 a.‘h\ vi7, 64
Iy v Tt | G \ /
£ Y | a8 |
v | Mies) T4 gz ki V| vas
; e Shet-Grb2 |
Gresns—. | (EGF-EGFRY2-GAP-Sh "Grh2 = .\-
*\\!. - Sos " — Sos |
va6, T2 { (EGF-EGFR')2-GAP /
Y I w40 (EGF-EGFR")2-GAP
Vi1, 78 “w o 35(86) Yoovare S m A . 1 25(19) w31, 88
= [EGF-EGFR*|2-GAP-She*-Grb2-Sos — = She*Grb2-508 —— GrhZ-5os = = — (EGF-EGFR* }Z—GAP—GrbZ—Sos'—|
\ —— vi3 vid, Bl |
———  Ras-GDP | . |waE T3 N p - \-_ﬂ nu-c;np —
L ~ ‘-. V1B, 85 | ) e
AT68) t o ossET / i 29 (21)
EGF-EGFR"|2-GAP-She"-Grb2-Sos-Ras-GTP [EGF-EGFR*)2-GAP-She’ -Grb2-Sos-Ras-GDF 7 (20) ™
‘ fargan-sne 3? s i ; [EGF-EGFR"j2-GAP-Grb2-Sos-Ras-GOP [EGF-EGFR*)2-GAP-Grb2-Sos-Ras-GTP
/ L 1
1 \\
Y V19, 66 \“k‘_ﬂ v20, 67
. 1 28(69) —
T RasaT Ras-GTP"
Ty Hif‘—Pau_I!—;:lr Plase!
4T 44, 86 v 4A(T4) w45 87 5 5076 .
e MEK-Raf" = mek-p_! V48 5 "EH_E_M»;_E{:. Aatr
52 (78)
S4(T9) ap gz Rr vdg, & ( 1 ]
P asel ..— MEK-P-P a5l ..'_HEI{-F..—HEK-PF‘-F a6l +————MEN-PP
N, Bl &3 SosEsy 53 ‘I 4B, 50
b ~ \ Phosphatase?
e - |
— o
60N oo ge o 0V 54 (82) vs5, 57
! - ERK-MEK- W—'.rhm pt V54 YERK-P-MEK-PP ——=MEK_PP
o (1L ife
Life N MEK-PP
in ‘ 62 (85) [ T80 B1(84)
Pesed _i—-‘l"-— ERK-P-Fased “—— ERK-P +— ERK-PP-P'asel
™, ¥50, 10 ] ( b
. e \ 80
Nesslor e o ‘. Phosphatasel
Molecular Microblolo o — S e




Is control completely dispersed?: No!!

. = duration

0.8 - .
PR A integral

-+ 0.04

0.4 - A ¢ amplitude




MAP Kinase signaling: who is in control?

EGF

4 0.00
EGFR —» EGFR-P

Degradation /
'0'18T -0.36
Internalization «— EGFR-P/Shc/Grb/Sos

v0.14
/_\

Ras-GDP Ras-GTP

Mutations of the BRAF gene
in human cancer

0.38 4 |
Helen Davies'”, Graham R. Bignell'*, Charles Cox'?, Philip Stephens 2, GAP v 0.00
Sarah Edkins', Sheila Clegg', Jon Teague', Hayley Woffendin', /\
Mathew J. Garnett’, William Bottomley', Neil Davis', Ed Dicks',
Rebecca Ewing', Yvonne Floyd', Kristian Gray', Sarah Hall', Raf Raf-
Rachel Hawes', Jaime Hughes', Vivian Kesmidou', Andrew Menzies', \/
Catherine Mould', Adrian Parker', Claire Stevens', Stephen Watt', -1.16

Steven Hooper®, Rebecca Wilson®, Hiran Jayatilake®, Barry A. Gusterson®,
Colin Cooper®, Janet Shipley®, Darren Hargrave®, Katherine
Pritchard-Jones’, Norman Maitland®, Georgia Chenevix-Trench®,
Gregory J. Riggins'”, Darell D. Bigner'®, Giuseppe Palmieri'’,

Antonio Cossu', Adrenne Flanagan", Andrew Nicholson"

Judy W. C. Ho'", Suet Y. Leung'®, Siu T. Yuen'®, Barbara L. Weber",
Hilliard F. Seigler'®, Timothy L. Darow", Hugh Paterson®,

Richard Marais”, Christopher J. Marshall’, Richard Wooster' ",

Michael R. Stratton'* & P. Andrew Futreal'




Systems Biology:

sighaling where to go

# Interactions & loops & emergence |

¢5 Towards applications: Network-based drug design anti-
parasites D

% Silicon cells | |

¢ Systems Biology a science: laws and principles |
¢5 Improved understanding of multifactorial disease D
¢5 Two paradigms for antil tumor drugs

¢5 What regulates function? Gene expression or S
metabolism? —

] ] ] ﬁ' _-_ *‘ ] ] ] ] ] > ;
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Towards further drug
discovery/selection
paradigms....



Raf has high control

nzyme1s Impor

ERK phosphorylation

Raf activity

I

E. " b ': =l
" " " " " - Eh‘:“:.m " " u L] - > | ;
e Bl = e ‘ ~

MMt ~f = wrf - i T ke H = af i
Weelerliafi ef &l., Gidara. OF iy L 5. Systems Biology; signaling where to go....




However, once mutated...

ERK phosphorylation

Raf activity

TR

o

-
Weelerliall cf &l.. G fard. OG112.7

g %ul:.‘_*—': [ ] [ ] [ ] [ ] |
”_ =y Systems Biology; signaling where to go.... ot



However, once mutated...

) Bad target. e
gooa !crr_ge¥I *-

ERK phosphorylation

Raf activity

2"'.- i -l l :l II_

EF\_‘:"‘..‘-T“« i

[ [ [ [ [ [ o ———— [ ] [ ] [ ] [ ] > A
[ S A

trz B | ’

Westerlicll ef &l.. Giyfard, 051 -  Systems Biology; signaling where to go....




Can a mutation redistribute control?

v v2 v3 v4 v5 vb6 v7 v8

B normal B mutation



Not step 3 but step 7 should be inhibited R~ Ri
N/

! 2
v.3 4= 5 y

x1  xIp

x3 x3p




Drug-target paradigm 4

(oncogenesis)

s Inhibit a step different from the process
enhanced by oncogenesis

= I
I Dl
[ ] [] %‘:“:-* [] [ ] [] [ ] [] > A
B L et Sy \ j
forts, 0511220 i —

= Systems Biology; signaling where to go....




Drug-target paradigm 4

(oncogenesis)
e

s Inhibit a step different from the process
enhanced by oncogenesis

#t1s this always a good paradigm?

=' i | i %
N Tl !

[
[ ] [ ] [ ] ﬁ' _l; - . [ ] [ ] [ ] > ‘ ;
Westerliafl af 1. Oxfard, 051922 §y7 0 = ' Systems Biology; signaling where to go.... ~



There are other players:
adaptation

Hierarchical

Metabolic

n %‘“‘hu p— n L} n L} n >
ENl== o E—
Westerliofl ef &/, Oifard, 057922 [y 0 =~ . Systems Biology; signaling where to go.... —t
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ERK-PP profile upon EGF stimulation

T\r \ We assume the tumor

cells adapts until the
maximum and steady
ERK-PP levels are
almost back to normal

3
L
o
o
X
o
Ll

By enhancing
phosphatases

g




Using the laws:
e ———

#Kinase and phosphatases have equal
control on amplitude and steady state

#But phosphatases have more control on
duration and area under the curve

#Hence the tumor should be disadvantaged
in the latter

>l

kN
" U \— N
Elaia i =2 |
] ﬂl _Iﬂ _* L] L] L] L] ] >

|
Weelerl:off cf & srfor LAY BT i asg H . e H ‘—-'J
Westerhiall ef &l Oyfard, 059722 [47 1= Systems Biology; signaling where to go....




Normal cell and adapted tumor cell
(bottom) both in the presence of
kinase inhibitor

Amplitude the oo Normal cell
same: drug would i

=

have no effect

0.001

0.004

B u T ; ; 0.004

~ Tumor cell

T 0003
[

o
B e
— [0.002

T me 0.001 |
matters.............. '

470 =7 Systems Biology; signaling where to go...- e o



Normal cell and tumor cell (bottom)
both in the presence of kinase
InMIbItor -/

Normal cell with
drug

Amplitude the
same: drug would
have no effect

0.005

_, 0.004 ' \ AdapTed tumor
% 0.003 . cell with dr'Ug
Bu.r: 0.0o1
e Normal cell
without drug
Time
matters...............
A —
@' LY 5 10 15 20 25 30 35 =
Pl ez |
B . _ C : : . - p :
i+" 1 = Systems Biology; signaling where to go.... SR




Drug-target paradigm 5

(oncogenesis)

s Inhibit a step enhanced by oncogenesis if
the tumor cell has adapted strongly

I -

RN

[ [ [ [ * T [ [ [ > ¢/
] [] Bt | ;
Westerliall ef &, Oiford, 059922 §y 0 =:. ' Systems Biology; signaling where to go.... st



Systems Biology:

sighaling where to go

# Interactions & loops & emergence |

¢5 Towards applications: Network-based drug design anti-
parasites D

% Silicon cells | |

¢ Systems Biology a science: laws and principles |
¢5 Improved understanding of multifactorial disease D
¢5 Two paradigms for antil tumor drugs D

#5 What regulates function? Gene expression or
metabolism?

el AlpiEn

Elftais e it

ﬁ' _lﬂ *' n n n n n >

Mecterlsaff cf = sef 1 mrrsos B L . - )
Weeterliafl af &l.. G fard, GG11727 ‘147 0= Systems Biology; signaling where to go....
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Control = Regulation
A

Control: that what limits the
phenomenon

Regulation: what the cell
actually uses to change the
phenomenon

Does the cell regulate its



But how does the cell

regulate itself?
S —————

Through gene expression or
through metabolic
regulation?



Hierarchies in regulation:
Genes versus metabolites: - ?




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

9)

o) 7 > elalol0I0I0)e)0l0)al '04 0 =




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

O, UL el



Hierarchies in regulation:
Genes versus metabolites: 2-17




How much hierarchical, how much metabolic

(direct) regulation of each step?
. S —

and
How can one figure this out?



How much of function is regulated

hierarchically, how much directly?
T

Hierarchical

e Gy | AN

) m-w'--u i

] ] ] ﬁ' _-_ *‘ ] ] ] ] ] > ;
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How much of function is regulated
hierarchically, how much directly?

v=v(e,X)=e-v(X)

Aln(J)=Aln(v)= Aln(e)+ Aln(v(X))

ierarchical >

e Gy | AN

) m-w'--u i

] ] ] ﬁ' _-_ *‘ ] ] ] ] ] > ;
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Systems Biology law for
hierarchical regulation:

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

_ Alne _ fold change in amount of enzyme
~ AlnJ ~ fold change of flux through it

Ly




How does the cell regulate

the transporter flux?
A ——

Through gene expression
(0] 4
Through metabolic regulation?




Regulation of the loss of transport
capacity by yeast upon starvation

Carbon Nitrogen
starvation starvation
Aln(transport | -0.5 -1.3
activity)
AIn(ngcose) -1.8 '1-4 -
Gene expression
Phierarchical 31 % 91 % reQUIat.ed i N-
starvation; largely
Pmetabolic 69 % 9 9/ metabolically
regulated in C
starvation




(Down-) regulation of

glycolysis during starvation
e

Unstarved N-starved C-starved

Glucose -062+0.03 -0.16+0.02 -0.17+0.03

Glycerol 0.13+0.01 0.06+0.01 0.04+0.00
Ethanol 1.04+0.03 049+0.05 0.33+0.05

Trehalose 0.00+0.00 -0.01+0.00 0.00+0.00

Glycogen 0.00+0.00 -0.03+0.01 0.00+0.00

of TR TR =

| A e vy
£ G -
Lk | = Systems Biology; signaling where to go....




Regulation is not all through gene expression.....
and we can readily determine how much of it is

Carbhonrn starvatiom
- S E MM
Lo L By

L O

>l

A —=N
=
B

G
T

n u n u n >

Systems Biology; signaling where to go....
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Regulation is diverse

T arke M sSst=arwsatiom
-

S EM S

>l

A —=N
=
B

"

u n u n u n I'-_ n u n u I>

!
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No one regulated entirely
through gene expression

T arke M sSst=arwsatiom
-

S EM S

>l

A
§ TR E =
€

u n u n u n W1 1 | — n u n u n >

!
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Glucose transporter half
through gene expression:

Carbhomn starwatiom

e = 1 ¥ ey
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEETR EEEEEENBN

GLT L 0 | Lo -
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEENENEN
HK Ol A OO L=
PGI o0 OO a .4
PFK L L
ALD L L =)

TPI -] [

GAPDH LI OO

PGK ). .1
PGM }) O OO
ENOC LI [ I
PK 3. OO

O

>l

h O —=Q

(TR -
| e A I
i n > :
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Aldolase only metabolically:

Carbhonmn starwvatiom
e TN S E M
i s | 1
HK Lo B | Oy
PGl O o0 Oy

IIEE%IIIIII';‘]I'IqiIlllllﬁ'ﬂllllllﬂ‘lﬁlllll

ALD L L =) .4
EEEEEEEEEEN EEEEEEEEEEEEEEEEEEEEEEEEENEN
TPI . | =) 1.4

GAPDH L | OO 0.9

PGK G .1 1.
PGM 3O OO 1.
ENOC LI [ I O
PK L OO i

O

o= = >l

A —=N
=
B

ALLALLEITY

!

F—

[ L] [ '\"l"---_'-;':: [ L] [ L] [ >
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ADH homeostated through
gene expression

Carbhonmn starwvatiom
e TN S E M
i s | 1
D i | Oy
- 1 .

O [ I O

PK Lo OO L=

PDC Lo e | (O 2. =
EEEESEEEEEEEESEEEEEEEEE SN EEEEEEEEEESEEENEEN

ADH -1 .= N =) ; Dl]

R

u n u n u n “I i "I“ n u n u I>
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Sacharomyces cerevisiae: regulation of fermentative capacity; experimental

Nitrogen starvation Carbon starvation

GLT 1.2 0.1 -0.2 0.4 0.1 0.6

HK 1.0 0.2 0.0 0.1 0.0 0.9

PGI 0.8 0.3 0.2 0.0 0.0 1.0

PFK 0.4 0.2 0.6 0.4 0.4 0.6

ALD 1.1 0.5 -0.1 0.0 0.2 1.0

TPI 0.1 0.9 0.9 -0.4 0.2 1.4

GAPDH 0.7 0.5 0.3 0.1 0.0 0.9

PGK 0.0 0.2 1.0 -0.3 0.1 1.3

PGM 1.0 0.4 0.0 0.0 0.0 1.0

ENO 0.4 0.5 0.6 0.3 0.1 0.7

PK 1.4 0.3 -0.4 0.1 0.0 0.9 Pl

A

PDC 2.3 0.6 - .—1.3 E-:,...,..:.: 0.1 0.0 0.9 %i

- - - _— I il 3 E' _-ﬂ l-m : r - - - - - I n |> y
ADH Wekterioff €.41.. Gifard). 1172 HAZ LT o Sydtadns Eiolod)sZsignaling Whkre to go.... ‘ ‘-"'j



1. Exclusively hierarchical regulation p, = 1

Nitrogen starvation Carbon starvation

GLT 1.2 0.1 -0.2 0.4 0.1 0.6

" o | o2 | oo | 01 00 09

PGI 0.8 0.3 0.2 0.0 0.0 1.0

PFK 0.4 0.2 0.6 0.4 0.4 0.6

ALD 1.1 0.5 -0.1 0.0 0.2 1.0

TPI 0.1 0.9 0.9 -0.4 0.2 1.4

GAPDH 0.7 0.5 0.3 0.1 0.0 0.9

PGK 0.0 0.2 1.0 -0.3 0.1 1.3

S o | o4 | o0 00 00 10

ENO 0.4 0.5 0.6 0.3 0.1 0.7

PK 1.4 0.3 -0.4 0.1 0.0 0.9 Pl

A

PDC 2.3 0.6 -1.3 E'...,..:. 0.1 0.0 0.9 % ?
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2. Exclusively metabolic regulation p, = 0

Nitrogen starvation Carbon starvation

(ch) 1.2 0.1 -0.2 0.4 0.1 0.6

HK 1.0 0.2 0.0 0.1 0.0 0.9

P 08 03 02 00 | 00 | 10

PFK 0.4 0.2 0.6 0.4 0.4 0.6

ALD 11 05 01 00 | 02 | 10

TPI 0.1 0.9 0.9 -0.4 0.2 1.4

GAPDH 0.7 0.5 0.3 0.1 0.0 0.9

PM 10 04 00 00 | 00 | 10

ENO 0.4 0.5 0.6 0.3 0.1 0.7

PK 1.4 0.3 -0.4 0.1 0.0 0.9 P
A

PDC 2.3 0.6 -1.3 E':......,.I: 0.1 0.0 0.9 % i
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3. Mixed regulation 0<p, < 1

Nitrogen starvation _ Carbon starva;ipm |
il N I B e e e T e e

P SEM P P, SEM Lo
GLT 1.2 0.1 -0.2 0.4 0.1 0.6
HK 1.0 0.2 0.0 0.1 0.0 0.9
PGI 0.8 0.3 0.2 0.0 0.0 1.0
ALD 1.1 0.5 -0.1 0.0 0.2 1.0
TPI 0.1 0.9 0.9 -0.4 0.2 1.4
GAPDH 0.7 0.5 0.3 0.1 0.0 0.9
PGK 0.0 0.2 1.0 -0.3 0.1 1.3
PGM 1.0 0.4 0.0 0.0 0.0 1.0
1.4 0.3 -0.4 0.1 0.0 0.9 >
2.3 0.6 -1.3 o, 0.0 0.9 -
1z . —04—- .0z . f¥PER . 13, .— 02— . 23 3}
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4. Superhierarchical regulation V,__, dominating p, > 1

Nitrogen starvation Carbon starvation
“*WF_¥¥¥_"—'

GLT 0.1 -0.2 0.1

HK 1.0 0.2 0.0 0.1 0.0 0.9
PGI 0.8 0.3 0.2 0.0 0.0 1.0
PFK 0.4 0.2 0.6 0.4 0.4 0.6
ALD 1.1 0.5 -0.1 0.0 0.2 1.0
TPI 0.1 0.9 0.9 -0.4 0.2 1.4
GAPDH 0.7 0.5 0.3 0.1 0.0 0.9
PGK 0.0 0.2 1.0 -0.3 0.1 1.3
PGM 1.0 0.4 0.0 0.0 0.0 1.0
ENO 0.4 0.5 0.6 0.3 0.1 0.7
PK 1.4 0.3 -0.4 0.1 0.0 0.9

23 | 06 | 13 01 00 09
|17 | 04 | 07 13 02 23 =
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5. Antagonistic regulation interaction dominating p, <0

Nitrogen starvation Carbon starvation
“*WF_¥¥¥_"—'
GLT 1.2 0.1 -0.2 0.1
HK 1.0 0.2 0.0 0.1 0.0 0.9
PGI 0.8 0.3 0.2 0.0 0.0 1.0
PFK 0.4 0.2 0.6 0.4 0.4 0.6
ALD 1.1 0.5 -0.1 0.0 0.2 1.0
TPI 0.1 0.9 0.9 -0.4 0.2 1.4
GAPDH 0.7 0.5 0.3 0.1 0.0 0.9
PGK 00 02 1.0 ---
PGM 1.0 0.4 0.0 0.0 0.0 1.0
ENO 0.4 0.5 0.6 0.3 0.1 0.7
PK 1.4 0.3 -0.4 0.1 0.0 0.9
PDC 2.3 0.6 -1.3 0.1 0.0 0.9
17 04 07 a3 o2 | 23 JE)
(Y N
Bl o ek, |
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Is there a rule here?
e ——

Comparative Systems Biology



Comparative Systems Biology

Species

metaboli shared

(—0.2<p

1. brucei

8

) \ —0.2), metabolic regulation (—0. ) . regula-
tion shared between the hierarcl ) ' “hical regulation (0.8 << p,, << 1.2). Super-hierarchic l regula-
tion (i.e. when enzyme activity increases more lhan proportio Yy ds com 'rued to the flux (p, > 1.2) ) When
highest and 1d highest fluxes are compared it was nd in ewhl out of 29 of T. brucei [

12 for T. vag

@Eg

=)

Elba I
L] ] L] ] L] L] ﬂil,l L] L] L] L] ] > :
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Type of regulation by number
of glycolysis steps

Organism Cond-itio;l supermet-ab metabolic mixed hierarchical | superhierarc
olic hical

T. brucei Glucose 6 7 3 1 0
limited
chemostat

L. Donovani | Glucose 7 2 | 2 0
limited
chemostat

T. vaginalis | Glucose 1 8 3 0 0
limited
chemostat

S. cerevisiae | Glucose 3 7 3 0 0
starvation

S. cerevisiae | N starvation 0 2 3 5 3

Total | 26 13 8 3

' | il |
0/0 . - - - 25. 2‘""- . 1? - 1-2 - > *

n
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Is there a rule here?
u- = —— . -

Type of regulation by number
3 All types of glycolysis steps

. Organism | Condition su‘permetab metabolic mixed hierarchical s1.1perhierarc
¥ In all organisms
. . T. brucei lCiililict::;e 6 7 3 1 0
3 Metabolic regulation
L. Donovani C.}lu'cose 7 2 1 2 0
. limited
d O m l naT e S chemostat
T. vaginalis Glucose 1 8 3 0 0
limited
chemostat
3:g In al I S. cerevisiae thucoie 3 7 3 0 0
. . . S. cerevisiae | N starvation 0 2 3 5 3
organisms/conditions |
bl 17 26 13 8 3
examined % 25 39 19 12 4

2‘ C -l l :l II_

[ ] %‘:ﬁ.{-% ] [ ] [ ] [ ] L] > ‘ g
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Hierarchies in regulation:
Genes versus metabolites: 2-17




Hierarchies in regulation:
Genes versus metabolites: 18-50!




Systems Biology:

sighaling where to go

# Interactions & loops & emergence |

¢5 Towards applications: Network-based drug design anti-
parasites D

% Silicon cells | |

¢ Systems Biology a science: laws and principles |
¢5 Improved understanding of multifactorial disease D
¢5 Two paradigms for antil tumor drugs D

Wy
7

#5 What regulates function? Gene expression or D Sl T
metabolism?
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