Mining vs Systems Approach

Comparing two data sets (cell lines, genomes,...), there are 28 = 256 pattern to discern:

... itis systems dynamics that gives rise to biological function!
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Systems Biology
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Causation is an explanation of change

Example: Protease cleaving peptide bonds in a substrate protein:

“Rate of proteolysis is proportional to amount of substrate”

Changes in substrate concentration:

S(t
d (t)
ES = —kpS(t) \
variable (changing) : AS .
—o = lIm —
parameter (fixed value) A—tJ dr a0 Ar
. . . . t
... an ordinary differential equation (ODE).
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From cells to organisms!?

... the cell is not a soup of molecules.
... structural versus functional organisation!
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Differential Equation Modelling
Pathways: Networks of catalysed biochemical reactions:

R : S+ELSE, v =k E]S).

£ k
S+E<iSEL>P+E Ry : SE-E+S, vy = ky[SE].
k>

Ry: SEE P, vy=ks[SE].

Mathematical Model: Simulation: outer solution
g odersodion _
dlE
MEL )1+ olsE] + o [5E] — e
dt 0.8 + = substrate
g + complex
dIs| z product
US| _ 4 1E11S) + kalsE) 508
dr K
[SE g os
E25 = K [E)[S] — alSE] — ks [SE] s
dt 0.2
d|P]
% = k3[SE] . 0
4 time (min)
0. Wolkenhauer Dynamic Pathway Modelling 'www.sbi.uni-rostock.de 6/22

Mining vs. Systems Approaches

m

DATA MINING APPROACH: pattern recognition

i
2D-Visualisation:
differences (significance)
covariation (correlation)
n nsm similarity (clustering)

whole-genome
high-throughput data

SYSTEMS APPROACH: dynamic modelling

quantitative time
series data Interaction Network:

time regulation . X —
|
i
|

control 8
\ coordination '
VAN T

Dynamic Model

GRU) = iS() ~ X () R()

— LX) = ksS(0) ~kiX (1)

X There is no such thing as a “holistic approach’.
X There is no such thing as a “hypothesis-free fishing expeditions”.
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MAPK r-Calculus Model

new KKK:<> new KKKst:<> new E1:<> new E2:<>
new KK:<> new KK_P:<> new KK_PP:<> new KKPse:<>
new K:<> new K_P:<> new K_PP:<> new KPse:<>
new al:1.0:<<>>

<> new a2
<> new a4
<> new a6
<> new a8
new 29:1.0:<<>> new k9:1.0:<> new a10:1.0:<<>> new k10:1.0:<>
new spike:<<>,int> (+ a spike #2 high of #1 molecules +)

( !spike(a,n); if n=0 then () else (a<> | spike<a,n-1>)

| 1KKKO);

new d1:1.0:<>

(a1<d1>; (d1<>;KKK<> + k1<>;KKKst<>))

(a2<d2>; (d2<>;KKKst<> + k2<>KKK<>) +
a3(d3); (d30) ;KKKst<> + k3() ;KKKst<>) +
a5(d5) ; (d5() ;KKKst<> + k5() ;KKKst<>))
| 1E10;

a1(d1);(d10;E1<> + k10);E1<>)

| 1E20);

a2(d2); (d20) ;E2<> + k2();E2<>)

| 1KKO;

new d3:1.0:<>

(a3<d3>; (d3<>;KK<> + k3<>;KK_P<>))

<> KK_P<> + K4 KK<) +
SKK_P<> + k5<>;KK_PP<>))

| 1KK_PPO);
new d6:1.0:<>
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(a6<d6>; (d6<>;KK_PP<> + k6<>;KK_P<>) +
a7(d7); (d7() ;KK_PP<> + K7() ;KK_PP<>) +
29(d9) ; (d90) ;KK_PP<> + k9() ;KK_PP<>))
| 1KKPse();

a4(d4); (440 ;KKPse<> + ka() ;KKPse<>) +
a6(d6) ; (d6() ;KKPse<> + k6() ;KKPse<>)

I KO

new d7:1.0:<>

(a7<d7>; (d7<>;K<> + K7<>;K_P<>))

new d9:1.0:<>

$K_PP<>))

10<>;K_PP<> + k10<>;K_P<>))

| 'KPse();

a8(d8); (d8() ;KPse<> + kB() ;KPse<>) +
210(410); (4100) ;KPse<> + k10() ;KPse<>)

| E1<> (* input signal *) | E2<> | KKPse<> | KPse<>
| spike<KKK,100> | spike<KK,100> | spike<K,100> )

What is a useful model?
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Michaelis-Menten Modelling
Activation of protein X by enzyme E:

X X*

E

1]
.
‘¥~/

P
... constant concentration for phosphatase P.

Reaction model:
K

ki s
X+Ee2X"+E,
i

X 4P X+P

... leading to:

ix =kye(r)(¥—x(t)) — kox(t)

Ly ye(t)3(0) — KsPa(r) - ar

dt
Michaelis-Menten model:

Let ky = k5P

X+ESxE M x vk,

dy

X +p2xplxip
d

.. Michaelis-Menten constants K,,; = 44, k,,, = 2tk leading to:

d . kie(t) (% —x(1)) kox(t)

Ko+ (¥—x(t))

di K + (f—x(f))
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Classification of Models

Model Type: Formal Representation: Quant. Visual.: Qual. Visual.:
Graph:
~,
presence 95%C] = X + (:x,, 1(5%) xSE) I O—
(drence) .. beforglatter . o—

correlation

(covariation)

MINING APPROACH
statistical modelling

“... coincides with ..."

regression Y= X1, x)

Interaction Graph:

N — s

Mass Action Modelling

Pathways: Networks of catalysed biochemical reactions:
K
Ry : hypXi+- +IvuXn -, Xyt rvpXn

N
Ry : p-th elementary reaction, p=1,...,M

Xy : i-th chemical species, i = 1

Liy,riu : stoichiometric coefficients (whole numbers)

ky : rate constant for reaction channel

Changes: ... in the molecular population of X;:

static
(data fit) B " . . . .
.. inhibits/activates .. :::n:::e 71[‘1 if X; is a reactant in Ry,
l 7777777777777777777777777777777 T EE— Sy = rip —liy = § +riy i X;is aproductin Ry,
data poor ;
z regression YO = £ 1,3 -2),...) (1) quantiative 0 otherwise.
< (forecasting) . » | ; ) )
2l £ - follows. .- dynarmie Differential Equation Model (ODEs):
&3 1 © o time
=l E Reaction Network:
= :
5|2 . X d M N
BlE  ratecquations 1= (00 50.00) § < | 2= X Swku [Tx
% (state dynamics) “... causally entails .. _— W =1 Jj=1
stimulus T~~~
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Dynamic Motifs Overview ODE Modelling Strategies
Sigmoidal: Robust/Responsive: Mutual Inhibition Switch:
s r"""1 T
ot . 1 X — e dxj Lin
BN e " : | v Gt = L8 ky TIx;
I | | | u J
phosphatase Il P [P —}
Rate Curves: Rate Curves: Stim.-Resp. Curve:
7 7 Vlju eRy V[ju =mjy € {0,1,2}
oo S NN ,
3, = s 58,
< g g F o . .
: I L e < Power-Law Models Conventional Kinetic Models
5 | £ 3 § % ° S |
& § B Lo . ; - Vijy € Ry UR- Vijy € Ry i steady-state
1 1 02 // dx an assumptions
=L = PR .
T B T e ; s a —)E‘Sm Ky I;[Xj
" simius s
Temp. Evolution: Temp. Evolution: Simplified Detailed Michaelis-Menten
. . odledl s T oo PL Mogels PLlVIodeIs Type I\Illodels
| c o Ny - !
g H b M Ny N s v
H g3 = = H m;
|4 g K 4 Lo ! i
g £ ! X g [ [ ! I Vi Ilx;
§ Bof - U i [ [ i _ vy ju i
N o - - dt’ - ZS’H k“ ij % = Z(Si/_t . /7"‘/“
f M b I J m K,ﬁ—]'/[x 3
(R TR : e wm W w6 w s W w0 %o w0 oo ’
simus s et
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RKIP Regulation of the Ras/Raf/MEK/ERK Pathway

<
S RN
g J :
[ increase phosphorylation == =======~ | :
1 N
‘ I :
3 = N
Crat ) gz S S :
% !
Mathematical model: ~~ TTTTTTTTTTTTTTTTTOT ’
d__ku)@-—xi()  kx(r)

x| = —
dt Kni+(F —x1(1)) K +x1(t)
S— S———
phosphorylation dephosphorylation
d  lnOFm-n0) ko)

AT Kyt (2 -10(0) K t102(0)
d . _kn@O@®E-u0)) kw0

A Kos + (5 -13(1)) Ko +300)

RKIP:
d ., ks —u) ksoxa (1)

art K7 + (%3 —x4(t))  Kug +xa4(1)
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Functional Organisation: Feedback Dynamics

The Claim:

The cell’s functioning is realised through
feedback interactions

The Argument:
@ To control, regulate, adapt or coordinate whatever, ...
Q ... there must exist a goal or objective, which we refer to as a function.

@ In order to induce or prevent change, information of the state of the system must
be fed back.

@ Feedback implies a before and after,
@ ... which is why we cannot avoid dynamic systems theory.

It is feedback that gives rise to dynamic principles,
including robust-, responsive- and harmonious behavior
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RKIP Regulation of the Ras/Raf/MEK/ERK Pathway

Positive feedback through RKIP:

The Role of Feedback Dynamics

Stimulus u(t), response y(1): Adding a negative feedback loop:

T -x0)]\],. K =1/T;
kyx (t)[1/( 1+ | ———— X —xa(t
ixzz |V Kp (72 —x2(0)) 0] =UT u(r) (1)
dt Ky + 32 —x2(t) Kina +x2(t) u(t) ¥(1) =
Negative feedback:
x»(071"] .
d klu(t)[l/<1+[ K (lexl(t)) kle(t)
—x; = N - Step response: Step response:
dt Kyt 431 —x1(1) Kz +x1 (1)
u(t) 1o
[ : . :
R : 08
51 xi : 6
2 . . .
— : g S o6
[t [ : 4
' _—— : 04
| %5 2 n H y(t)=K; [u(t)dt V() +T3 Ly (t)=Kpul(t)
| — : 2 0.2
ooy — 0 0
= P i & B B 0 2 4 6 8 10 0 2 4 6 8 10
“<_?——” ~— ! t (sec) t (sec)
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The Role of Feedback in Signalling Pathways Abstraction: Pathways
Without feedback, n = p =1, T; = 0: Positive feedback loop: .. networks of biochemical reactions:
300 s00f e
250 250 wm—v-vmuu Amf:-:-[wwll;\zu
£ 20 :Qg&g& £ 20 n:':' = ]
) P £ = ARl D...-_.,c..__&.mw .
g g = OO PR < == i 1
§ 100 P e § 100 Pl @-—-m
sofls sofl o =
" R " > wet l
% 5 10 15 20 25 % 5 10 15 20 25 Cararm @‘m‘
time (min) time (min) y
(i
) . ) ” {
Negative feedback loop: Positive and negative feedback loops: o3 Bovirai) -+ (0 ‘ G
N R -
I ZRAETT 0 | i
£ B \ a s TN == £ 20 % b *(E\ 7]
< \ < - - * TN
S 60 S -
£ £ 150 B
540 i Ewo- B
20Ff sols ‘\
vl St Criotiess
0 0 ke AW ~q
[ 20 40 60 80 100 [ 20 40 60 80 100 - .
time (min) time (min) Picture from D.Hanahan and R.A.Weinberg “The hallmarks of cancer”, Cell, 11(2000): 57-70
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The Role of Delays

Ki=1/T; Ky
u(t) (1)

2 A\
1 ' .
I
08 15 ! ;o [
- ! A Pt i
Zos =3 \ \ [
1 1 -
! \ 1 \ f
0.4 1
YO +T; 20 =Kpu(r) ! vl ‘o
) dr 05 V! B \
0.2 B \ .
\ v
J
0 0
0 2 4 6 8 10 0 5 10 15 20
t (sec) t (sec)
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The Role of Oscillations and Ultrasensitivity
Neg. feedback, n = p =1, T; = 10min: Pos. and neg. feedback:
300 300
250 250
E 200 T E 200
5 §
8 150 g 150
§ 10— § 100/= + = -+~
\ 1 \
50 50l \ NN \
3 \ i \
o 0 N N L
0 40 60 80 100 [ 20 40 60 80 100
time (min) time (min)
Neg. feedback,n =2, p=1,T; = Pos. and neg. feedback:
300
250
Z Z 200~ JWEKBR
< = ERK-PP
8 S = [RKI
g § 150
g g
g £
8 - g
20
. - AN
0 20 40 60 80 100 [ 20 40 60
time (min) time (min)
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Coordination: Cross-Talk among Pathways

Coordination level

@
2 5 5
2 Subsystem B R
© o -
Qo . .
E : :
g , v v ,
regulation I | regulation
d(r) [e—— d()
control Ve ’ ! control
u(t) ' p p ! let— u(t)
_ adaptation : : adaptation
=]
£ |
= b
¥

1) response (1)
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