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Overview

« Synthetic Biology should be undertaken within the framework
of a sound engineering approach

« Systems Biology will play a major role in providing such a
framework.

— To what extent can Systems Biology be regarded as a rigorous
discipline incorporating sound analytical principles?

— Explore how analytical methods from other disciplines can be
adapted to the context of Systems Biology.
* lllustration: MAPK (ERK) signalling pathway SysBio project
— Hypothesis: feedback amplifier
— “Similarity” to electronic circuit theory

— Continuous cross check between modelling and real experimental
data obtained from in-vivo experiments

— Prediction: perturbation by pharmacological intervention should be
less effective within the feedback - amplifier module than outside of it.
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Biochemical Pathway Simulation (BPS)- project:

Computational
Simulation

= How to collect quantitative
What is the best formalism? measurements in vivo?

How to deal with / \ = How to manipulate

lack of information? Va"dation regulatory mechanisms?

Predictions on what? Predlctlon
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Dynamic behaviour - Modelling

« Stochastic process algebras
* Petri nets

* Ordinary Differential Equations




Kinetics and differential equations

Concentration of Molecule A = [A], usually in units mol/litre
(molar)

Rate constant = k, with indices indicating constants for various
reactions (k4, K»...)

=
A->B
d| A d| B
AT k) -
dt dt e 7 8 o




Reversible, Single-Molecule Reaction

k1
A
V\_/

forward reverse —
d| A] —
o —k [A]+ k,[ B]
d[B]
—r ki[A]-k,[B]

Rainer Breitling
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The Ras - Raf - MEK - ERK Signalling pathway

Mitogens
Growth factors

receptor
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MAPK Pathway

Responds to wide range of stimuli:
cytokines, growth factors,

neurotransmitters, cellular stress STIMULUS
and cell adherence,... \
Pivotal role in many key cellular

processes: /\'

— growt_h contr_ol .|n all its varlgtlons, MKKK B_MKKK
— cell differentiation and survival

— cellular adaptation to chemical and \_//\'

physical stress.

MKK P-MKK
Deregulated in various diseases:
cancer; immunological, inflammatory U/_\v
and degenerative syndromes, MAPK P-MAPK
Represents an important drug target. u
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Mass action for enzymatic reaction -
phosphorylation

S

R — — R

R: substrate, P
R,: product (phosphorylated R)
S;: enzyme (kinase)

R|S, substrate-enzyme complex




Phosphorylation - dephosphorylation loop
Mass action model 1

* R: unphosphorylated form S
* R,: phosphorylated form 1
« S, kinase l
* S, phosphotase

* R|S, unphosphorylated+kinase complex R /’\
R

* R]|S, unphosphorylated+phosphotase complex D

_k k
ReS,_ RIS, —“>R +S, |
k2
S;
b kL
R+S, < R 1S, _ R +3§,
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Phosphorylation - dephosphorylation loop

Mass action model 1

k1=100; k2=499; k3=1;

kldash=100; k2dash=499; k3dash=1;

dydt = [-k1*S1*R + k2*RS1 + k3*RS1
-k1*S1*R + k2*RS1 + k3dash*RpS2
+k1*S1*R - k2*RS1 - k3*RS1
—kldash*S2*Rp + k2dash*RpS2 + k3*RSl1
—kldash*S2*Rp + k2dash*RpS2 + k3dash*RpS2
+k1*Rp*S2 - kZ2dash*RpS2 - k3dash*RpS2 ];

RS, _ RIS, —“>R +S,

ko

R+S,<=—R 1S,” "R +S5,

11

o0 o0 o© o0 o° o©°

Sl

RS1

Rp
S2
RpS2
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Phosphorylation - dephosphorylation loop
Mass action model 3 (all singing/dancing)

R: unphosphorylated form

R,: phosphorylated form 81
S,: kinase

S,: phosphotase

R|S, unphosphorylated+kinase complex \
R, S phosphorylated+kinase complex

R|S, unphosphorylated+phosphotase complex

RIS, phosphorylated+phosphotase complex R /_\ R

R+S,_ RIS "R IS_ "R +S, ‘

R+Szd_;' R|SfL; Rplszfj R +S,
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1.
2.

3.

Michaelis-Menten equation

_k k
E+S ElS >4+ P
k2
E: enzyme, S: substrate, E|S: enzyme-substrate complexP: product
Assumptions:
No product reverts to initial substrate

MM Equation holds at initial stage of reaction before
concentration of product is appreciable

[E] <<[S]
K., is [S] at which the reaction rate is half its maximum value

V=V x jS]
1S+ K

- m

13




Michaelis-Menten equation for
phosphorylation-dephosphorylation

dRp - k3><Sl><R k3'><Rp

dt  K,+R K,+R

dR /dt == reaction rate V

Ky X Sy ==V, for the forward reaction

« k3 ==V, for the reverse reaction (S, is ignored)
K1 == (kotk3)/K, (k’'s from mass-action 1)

BIR!E
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Phosphorylation cascade:
3-stage, Mass-Action model 1

ReS,_ RIS, —E>R 45,

RS, <R |52_>RP+S2 F1

SS, =R, R

RR+55,"~ ~ TRRISS,—“>RR +S5, Ree~ IF'O

RR+ SS,<*~—RR 58, " RR, +58, o

SSS, = RR, RR«__~ RR,

RRR+ 5SS, __ —_RRRISSS,—*~—RRR +SS5, l

RRR+ SSS, < —RRR 1S5S fkkk_;RRR +SS8, RRR O RRR
P
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dydt = [-k1*S1*R + k2*RS1 + k3*RS1
-k1*S1*R + k2*RS1 + k3dash*RpS2
+k1*S1*R - k2*RS1 - k3*RS1

o° o° o°

M n
H

RS1

-kldash*S2*Rp + k2dash*RpS2 + k3*RS1 - kkl1*Rp*RR + kk2*RRSS1 + kk3*RRSS1

-kldash*S2*Rp + k2dash*RpS2 + k3dash*RpS2
+k1*Rp*S2 - k2dash*RpS2 - k3dash*RpS2
-kk1*SS1*RR + kk2*RRSS1 + kk3*RRSS1
-kk1*3SS1*RR + kk2*RRSS1 + kk3dash*RRpSS2
+kk1*SS1*RR - kk2*RRSS1 - kk3*RRSS1

-kkldash*SS2*RRp + kk2dash*RRpSS2 + kk3*RRSS1 - kkkl1*SSS1*RRR
kkk3*RRRSSS1

-kkldash*SS2*RRp + kk2dash*RRpSS2 + kk3dash*RRpSS2
+kk1*RRp*3S52 - kk2dash*RRpSS2 - kk3dash*RRpSS2
-kkk1*SSS1*RRR + kkk2*RRRSSS1 + kkk3*RRRSSS1

-kkk1*SSS1*RRR + kkk2*RRRSSS1 + kkk3dash*RRRpSSS2
+kkk1*SSS1*RRR - kkk2*RRRSSS1 - kkk3*RRRSSS1
-kkkldash*SSS2*RRRp + kkk2dash*RRRpSSS2 + kkk3*RRRSSS1
-kkkldash*SSS2*RRRp + kkk2dash*RRRpSSS2 + kkk3dash*RRRpSSS2
+kkk1*RRRp*SSS2 - kkk2dash*RRRpSSS2 - kkk3dash*RRRpSSS2 ];

16
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Rp = SS1

S2

RpS2

SS1 ignored dummy
RR

RRSS1
kkk2*RRRSSS1 +
RRp=SSS1

SS2

RRpSS2

SSS1 ignored dummy
RRR

RRRSSS1

RRRp

SSS2

RRRpSSS2
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ERK Cascade

Receptor Tyrosine Kinase
Sos

\ 4
Ras

17




Amplification

« ERK cascade well known biological amplifier -- amplifies the original signal to

create effective cellular responses.

« 1:3:5 are the approximate ratios of Raf-1, MEK and ERK in fibroblasts.

——| SOS

v

Ras

v

Raf-1

MEK

MEK

BIR’@

v

MEK
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ERK
CERK |
ERK
CERK |
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Negative Feedback

Well known negative feedback loop:
phosphorylation of SOS by ERK-PP

(via MAPKAP1) resulting in the Receptor Tyrosine Kinase
dissociation of the Grb2/SOS

complex. She

New negative feedback loop: Ras

ERK-PP phosphorylates Raf-1
resulting in a hyper-phosphorylated y

inactive form of Raf —1 Raf
(Dougherty et al. 2005) |

MEK

— EI‘QVK

Dougherty et al. (2005), Regulation of Raf-1 by Direct Feedback Phosphorylation, Molecular Cell 17 215-224
UNWE;%S]TY . .
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Is the ERK pathway a
negative feedback amplifier?

Sauro HM, Kholodenko BN.
Quantitative analysis of signaling networks.
Prog Biophys Mol Biol. 2004 Sep:86(1):5-43.
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Negative Feedback Amplifier

* A negative feedback amplifier stems from the field of electronics and consists of an
amplifier with a negative feedback loop from the output of the amplifier to its input.

* The negative feedback loop results in a system that is much more robust to disturbances in
the amplifier.

* The negative feedback amplifier was invented in 1927 by Harold Black of Western Electric
and was originally used for reducing distortion in long distance telephone lines.

« The negative feedback amplifier is now a key electrical component used in a wide variety of
applications

Input Amplifier g Output

Feedback
@@ UNIVERSITY [
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i
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Negative Feedback Amplifier

Input After Feedback

Input

Steady State Equation

\ Amplifier
O ° A Ae Y, - Output
Negative Feedback Loop
y = Ae
e=u-Fy
__Au y=A(u-Fy)
y - y = Au - AFy
1+ AF y + AFy = Au
y (1 + AF) = Au
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Output (y)

The negative feedback imparts signalling robustness

Standard Amplifier

/
f =

| /

/

/

1

/

Amplifier (A) gain

—o—{xt+—o-2

y=A*u

Negative Feedback Amplifier

"

Output (y)

v
e
/
/
/
L/
1/
Amplifier (A) gain
u + — + y
:O 1 A [ :O—>

y=A*ul(1+A*F)

A large change in amplifier gain leads to a small change in output (y)
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Feedback

Feedback Increasing ->
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Output (y)

The negative feedback imparts signalling robustness

Standard Amplifier

2l o—JTat—0-2

y=A*u

Sudden drop in
Amplifier (A) gain

Time

25

Negative Feedback Amplifier

y=A*ul(1+A*F)

Sudden drop in
Amplifier (A) gain

l

nso—o—x
0.4

03+ \
02

|

Ay Output

Output (y)

Time
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Application to Biology

The ERK cascade is a well known biological
amplifier and contains numerous negative
feedback loops.

At first sight, it has the correct structure to be a
negative feedback amplifier.

If the ERK cascade is a negative feedback
amplifier it should be robust to disturbances
within the cascade.

From a biological point of view, these
disturbances could be caused by drugs, such as
U0126, aimed at decreasing the activity of the
ERK cascade.

This suggests that these drugs will be relatively
ineffective.

In fact, current drugs aimed at decreasing the
activity of the MAPK pathway have proved less
efficient in in vivo applications than anticipated
from in vitro inhibition assays.

Receptor Tyrosine Kinase

— Raf

MEK
F—Uu0126

ERK

y

_.| 505 }_.| Ras }_.| Raf-1

26

Sauro & Kholodenko (2004)
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I

A = Amplifier
F = Feedback

Ae

MEK

MEK

MEK
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Raf/MEK/ERK amplifies the signal

Rec. GST-BXB =z & Rec. MEK1-His 3 Rec. GST-ERK T &
E— = O — Z O Z O
195 195-‘ 195
118 ] 118
- 90—
33_0 - v 707 708 - -
55— 55 - 55—
38— 38+ 38
33 33+ 33
WB: Raf-1 WB: MEK WB: ERK
Cell line Raf-1 MEK ERK Concentration
per cell
COSs1 3.6 10.6 21.2 femtomol
1 29 5.9 ratio
NIH 3T3 10.9 71 98 femtomol
1 0.7 9 ratio

27



How can we test if the ERK pathway is a NFA?

Generate input:

Stimulate with GF \

Ras-GTP
Raf-1
x Remove negative
§ feedback
T /
()]
e
MEK1/2 °
“Disturb the Amplifier”: %
Use a MEK inhibitior, such 2
as U0126 Hotze =
ERK1/2

Measure signal output:

i.e. ERK phosphorylation
%@ UNIVERSITY [
of j_ﬂ
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Hypothesis: Braking the feedback should sensitise the ERK pathway to MEK-

inhibitor
Feedback intact
—— Ras-GTP
A
-
o B
Raf1  f——— 2 il
a— 4—“-—
o K
% £
© I [
| e e
s e .
: ;
: .
MEK1/2 P ' =
2 MEK inhibitor
o -
— _| k: U0126

ERK1/2

ERK1/2
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How can we test if the ERK pathway is a NFA?

Strategy

/

In vivo system that allows us
to compare feedback broken

to feedback intact model.

30

AN

Computational Model of
ERK pathway with/without

feedback




Computational Modeling 1: Build the model

Non-linear ordinary differential
equations (ODE's).

*  ODE's were solved using Math Lab
and Gepasi.

*  Models are based on the Schoeberl| et
al. (2002) model

Mass Action Kinetics instead of
Michaelis Menten

Kinetic parameters are from
literature, previous models and
“guesstimates”

Schoeberl et al. (2002), Computational modeling of the dynamics of the MAP kinase cascade activated
gﬁvé by surface and internalized EGF receptors, Nature Biotechnology 20, 370-375
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Computational Modeling 2: Results

Feedback broken Feedback intact

—
o Lo
2
®‘ 00000000 &S )

§ L
o

6

/L.J

UUUUUUUUUUUUUUUUUUUUUUUU

Initial [U0126]

g Prediction: Braking the feedback modulates drug response _

v e
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Computational Modeling 2: Results

Sensitivity of kinetic parameters is decreased due to Negative Feedback

4
m Feedback Intact mFeedback Broken
3
2
=
2
= 1
5
(=]
]
2 L
=
:‘g D‘ T T T T T T T T T T T T -I.l-l
- [V o -1 [Lu] ==+ [ I [V ()] — L )
3 ID:III |[I|n: D:II'I D:IF |D:|F |D:| |D:|N |D:|tﬁl|m|v |D:|v
2 |EE & {2 oErooressfooriggE g gy
o o o o o or o o o o o o o
-1
-2
-3
Parameter
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The experimental systems

Negative feedback One feedback loop Both feedback loops
loops intact eliminated by eliminated by BXB-ER
constitutively active (4-OHT regulatable
EGFR RasV12 mutant Raf-1 mutant)

ll— 4557W EGFR inhibitor

S0S e

Ras RasV12 4-OHT
— Rlaf > R£f BXBl-ER
M£K M£K M£K
| = votzs | votze | vo1z6 o
ERK ERK ERK
l l l
wvensiry B

1
=
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Breaking the ERK feedback with BXBER

Regulatory Domain

Kinase Domain

Raf-1 CR1 CR2 CR3
/\ 7 I\ |
s s S s s s ) .
29 43 289 296 301 642 ERK feedback phosphorylation sites
®® ®
BXB-ER CR3 H ER hormone binding |2
!
642
®
9
8 4
o | 7]
E 6 4 BXB-ER stimulated with 4-OHT
Q| 5] (4-Hydroxy Tamoxifen, a synthetic estrogen)
X
| 4]
11} 3
2|, Raf-1 stimulated with EGF
1 4
0
0 10 20 40 80 120 min I
of i
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Ablation of feedback by BXBER decreases robustness to MEK-inhibitor
U0126

—orm Computer Simulation

14000000
— as57W

\ 4 "
> Sos 0000 —
—e— Feedback Intact: 4557V
—a— Feedback Intact: UD126
~— 10000000 - —
! & W —4— Feedback Broken: UD126
Ras-GTP &
o 8000000
o
)
2
- & 6000000
Raf-1 - &
ki
= 4000000
\ 4
MEK1/2 /eannﬁ
}— vo126
v 0 -
il FEIEEFEFSFLLFLFF P FE F @t T
Feedback Broken Initial [RasGTP] (decreasing) representing Initial [4557W] (increasing) or Initial [U0126]

%@ {increasing)
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Ablation of feedback by BXBER decreases robustness to MEK-inhibitor

4HT

ERK1/2

Feedback Broken

Bl

1.2

U0126

Experiment

-

e
»

-
o]
|

—+— Feedback Intact: EGF, U0126
-#—Feedback broken: BXBER, 4HT, U0126
-4 Fedback Intact: EGF, 4557W

o
»

Relative ERK phosphorylation/[AU]

\

o

(=]

37

Inhibitor/[mM]

b
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Signal recovery after MEK inhibition

Simulation

Experiment

-
N

i —+—Feedback Intact: EGF

—=—Feedback Broken: BXBER/4HT

[=] -
® (=]

<

Relative ERK phosphorylation/[AU]
° . ° < b
N o
""‘n\
\
\

o
=)

10 20 30 40 50 60 70 80

1 Time [ min]

U0126 added

o

I -crKi/2, +EGF
B o=RK1/2, + BXBER/AHT

0 10 20 40 80 min stimulation
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A current dispute: Does ERK activation follow graded or hypersensitive kinetics?

100% O OO O OO O .. @ .. [] g 1
80% e o o @ Py 28

S 60% o0 TOC Te® Te® “e® §.§ 05

o 7]

< 40% apparent Cc $s
2 poot it OOOOOO.O..O.... n:%

8. 0

0%-0— — ‘ . . . OOO OO. OO. .O. ... 0 1 2 3 4
0 0.001 0.01 0.1 1 10 Stimulus (multiples of EC50)

Increasing stimulus —

Progesterone (uM)

Ferrell JE Jr, Machleder EM.The biochemical basis of an all-or-none cell fate switch in Xenopus oocytes.

Science. 1998 May 8:280(5365):895-8

2 510 ng/ml EGF
VRN

e

Relative cell number

ol

1 o o L TR D] 10 v v7-1700
phospho-ERK1/2
. Relative log fluorescence .
Mackeigan JP, Murphy LO, Dimitri CA, Blenis J.
Graded mitogen-activated protein kinase activity
precedes switch-like c-Fos induction in mammalian

cells. Mol Cell Biol. 2005 Jun;25(11):4676-82.
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EGF EGF
M M
10 (pPM) (PM)
2 ;
10 l 0
40;
> 30 15
2% ||
o . 15
= 30 30
20 a
lg =5 ) 30
30 50 ®
20
100 4 I I im_
2 8 14 20 50
Fluorescence
Intensity (10°)

Whitehurst A, Cobb MH, White MA._Stimulus-coupled
spatial restriction of extracellular signal-regulated
kinase 1/2 activity contributes to the specificity of
signal-response pathways. Mol Cell Biol. 2004 DeG;,vrrsiry
2349(23):10145—50. CLamsow
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Negative Feedback Amplifier could lead to a gradual activation instead of switching -
proof remains elusive..

Feedback Intact Feedback Broken
EGF - 4-OHT
— PPERK , === | pPERK
= ERK o | ERK
- EGF - 4-OHT

Anti-ppERK Anti-ppERK
;OOOOOOOOO.....' ;OOOOOO.O..O..O.
Rk XX TRLERN

@Rc UNWE;:S]TY i
Increasing stimulus -> 40 Increasing stimulus -> cLascow  NO



Implications for drug targeting

The aim of a drug is to cause a disruption to the network in such a
way that it restores the network to its ‘healthy’ wild-type state.

Targets must be susceptible to disruption for the drug to have any
effect.

The analysis of feedback suggests that targets inside the feedback
loop will prove difficult drug targets because any attempt to disturb
these targets will be resisted by the feedback loop.

41
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Take home messages

* Modelling can be done using
— Michaelis Menten
— Mass Action

« Some difference in results using different
models

« Wet-lab results show clear negative feedback
amplifer characteristics

42




From Petri Nets to Differential Equations - an Integrative Approach
David Gilbert & Monika Heiner

Rk ser
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BPS Database
Richard Orton

« We are developing a database to store a variety of data generated from the project

— biochemical models complete with parameter data

— wet lab modelling data

— biochemical information on the pathways and proteins involved

e Wet Lab
F=——— > et L

)T

Il[l:> Information

2

L7

BPS
Database

p

Model
Repository

Web
Interface

MATIAB

(opasi 4 &5

"NV
N> GBML arson Cangriage

A

« We are also developing a number of software tools to aid in the modelling process:

— Database import/export
— Model visualisation
— Model conversion

;BIR’@
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The BPS Software Workbenc

Xuan Liu, Vladislav Vyshemirsky and David Gilbert

EBiochemical Project 200601251500 =151 x|
File Edit Yiew Mavigate Source Build Run Tools Window Help

N TR

Kinetic Law Creator ‘

[ Proj... 40 X | |Files | | Runtime | [ simulation of Brown2004.xml x| Ci\BioProject¥uanimodelsiBrown2004.xml x | <]~
=GB BioProjectXuan
523 models SBML file info
ISR Wrro0vn2004 (base) !'File path : C:\BioProjectXuanimodelsiBrown2004. xml Detail... |‘
R~ Reactions (26)
(S species (32) Chart | Data | Data output |
[P ] Global Parameters {48} 625,000 ~View =
(B RKIPpathway (In this pathway, ele 500,000 v EGF
Q Rkippathwayk6=2 (In this pathway 575,000 v NGF
e Tra:;:cﬂaﬂr;101162743.xml S o iRy
-4 s552006101163055.xml 525,000 [V boundEGFRec
4 xuan2006101154535.xml 500,000 [V freehGFRece
B3 simulations 475,000 [V boundhGFRe:
Y 200610115561 xml 450,000 [V Soslnactive
425,000 |V SosActive
400,000 |V P90RskInactis
375,000 |V P90Rskactive
350,000 [V RasInactive
325,000 |V Rasactive
300,000 |V RasGapActive
275,000 [ RafiInactive
250,000 [V Raf1active
225,000 |V BRafInactive
200,000 |V BRafactive
175,000 [V MekInactive
150,000 [V Mekactive
125,000 TP |V ErkInactive
100000 1 | / B S = w i s s e RN W SO SO [V Erkactive
75000 [V PI3KInactive
50,000 \ [V PI3KActive
25000 { /. \——n [V AkInactive
(i . [V akiActive
-25,000 [V C3GInactive
00 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 [V C3GActive
— EGF — NGF -~ freeEGFReceptor  boundEGFReceptor — freeNGFReceptor — boundNGFReceptor —— Soslnactive — SosActive [¥ Rapilnactive
— P90RskInactive — P90RskActive — RaslInactive — RasActive RasGapActive — ErkActive — PI3KInactive — PI3KActive — Aktlnactive IV RaplActive =
— AktActive C3Glnactive C3GActive — Rap1Inactive Rap1Active RapGapActive — PP2AActive — RaflPPtase — Rafllnactive .4_| - ' . _>|_I
— RaffActive — Erklnactive — MekActive — Mekinactive — BRafActive — BRaflnactive o —
ek (8 simulate>> |
Total time: I 503: |~ Enable real-time simulation
— - SaveRes... |
Steps : | 1 203.
I~ Auto save
steptime: Jos (3
‘l | _'l Close |
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