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The basic principle of a cell signalling pathway.

Stimuli (e.g. hormones, neurotransmitters or growth factors) acting on cell-surface receptors relay information through intracellular signalling pathways
that can have a number of components. They usually begin with the activation of transducers that use amplifiers to generate internal messengers that
gither act locally or can diffuse throughout the cell. These messengers then engage sensors that are coupled to the effectors that are responsible
for activating cellular responses. The green and red arrows indicate that cell signalling is a dynamic process consisting of ON mechanisms (green
arrows) during which information flows down the pathway, opposed by the OFF mechanisms (red arrows) that switch off the different steps of the

signalling pathway.
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Binding of the EGF ligand to EGF receptors encourages two EGF receptors to come closer to each other and
dimerize. During this process, the three-dimensional conformation of the intracellular domain of the EGF
receptor changes, thereby activating the tyrosine kinase in the domain, and inducing the two EGF receptors
forming the dimers to mutually phosphorylate each other’s tyrosine residues. Adapter proteins and other
mediators in signal transduction bind to the activated EGF receptor dimers to form a receptor signal-transduction
complex. Some of these adapter proteins have an SH2 (Src Homology 2) domain that recognizes the
phosphorylated tyrosine on the receptor and specifically binds to activated proteins. Some activated complexes
activate a series of signal cascades in which the Ras small G protein is involved. Then finally, the activated Ras
regulates the expression of proteins through the mitogen-activated protein (MAP) kinase cascade. Activated
extracellular signal-regulated kinases (ERKs or MAP kinases) dimerize and enter the nucleus. Within the
nucleus, ERKs phosphorylate transcription factors and promote the transcription of genes su i EINSTEIN

Albert Einstein College of Medicine

OF YESHIVA UNIVERSITY



Extracellular Stimuli

* Not only chemical

* Electrical : Neural receptors

e Optical: Rhodopsin

 Mechanical: Integrin, Adhesive receptors
* Always mixed
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Formation and mode of action of cell stimuli.

Cell stimuli are released from cells through different mechanisms: membrane-anchored stimuli are released by ectoderm shedding; stimuli formed in
the cytoplasm pass out across the plasma membrane; stimuli packaged into vesicles are released by exocytosis. Such stimuli have four main modes
of action. Membrane-anchored stimuli on the surface can activate receptors on neighbouring cells directly (juxtacring). Stimuli that are released from
the cell can feed back to activate receptors on the same cell (autocring); they can diffuse to neighbouring cells (paracrine); or they enter the blood

stream to act on cells further a field (endocring).
b EINSTEIN

Albert Einstein College of Medicine

OF YESHIVA UNIVERSITY




From the opinion of a physicist

Inputs: stimulus

‘ When: temporal

” )
Cells How : signaling network
\ .

‘ Where : spatial

Outputs: changes of gene expressions
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Temporal aspects of signalling

STIMULUS

ON REACTIGNS]
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Spatial organization of cell signaling
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The basic components of a typical
signalling pathway, consisting of a
receptor (R) and three signalling
components (X, Y and Z).

In those cases where the signalling
components are proteins,
information is transmitted through
protein—protein interactions using
signal transduction domains. For
example, a motif on protein X
recognizes a specific binding site on
protein Y and so on.

A variety of scaffolds function to hold
together the individual components
of signalling pathways to create
macromolecular signalling
complexes.

These macromolecular signalling
complexes can be aggregated in

specific locations within the cell. as
occurs in lipid rafts and (i EINSTEIN
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Bimolecular interactions

Binding is not all-or-nothing:
k

A+B +— AB
JE(-‘:rﬁ“

Portion of A and B will be bound, portion will be free
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Equilibrium

Reaction is in equilibrium when concentrations do not change:

K

on

X+—=Y
k{}ff

dc[;] [X]-k, -[Y]'k, =0 (mass action law)

(unimolecular reaction)
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Equilibrium

Binding (bimolecular reaction):
kﬂﬂ'

A+B «— AB
koff

Reaction is in equilibrium when concentrations do not change:

% =[A]-[B]-k,, -[AB] K, =0 (mass action law)

Equilibrium is reached when:

[Al-[B] K, = [AB]" K.

Equilibrium is still dynamic!!!
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Equilibrium is reached when:

[Al-[B] K, =[AB]" K.

Rearrange to define equilibrium dissociation constant K.

— kﬂﬁ' _ [A] ' [B]
"k, [AB]
Units:
[Al- [B] {M}-{M}
K, = =
°  [AB] W {M}
Rate constants:
« ke A8 hor 1571
7 kﬂﬂ [AB] k{)n: {M—‘I.S—‘I }
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Reaction kinetics

Equilibrium thermodynamics does not provide any
Information on rates of chemical changes!

A

Products

Energy profile for a
generic chemical reaction:

Energy

Reaction coordinate

Gibbs free energy (AG?) determines ratio of reactants/products
(thermodynamic properties), activation energy (AG*™) determines

rates (kinetics)
b2 EINSTEI X
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Relation between K, ks and AG

[AlIB] _ Ky i
B =K /\ AGY= AG,7-AG,
[A-B] k, " e \ ot ~AGon
£ A+B /
E Reactants / '
0
‘&G Fr&Eﬁ
In terms of free energies: © Reacuon coordinate
(-AGZ: [RT)
K. = Kow Ae _ o(-(8GGi-8G31)IRT) _ o(-AG°/RT)
' S - At - I
k, Ae 46 RT)
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Michaelis=lMenten Kinetics

k Simplest enzyme mechanism
E+S 2 ES pestenay
K2 - One reactant (S)
ES=> E+P - One intermediate (ES)

- One product (P)
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Michaelis=NMenten Kinetics

1. First step: The enzyme (E) and
the substrate (S) reversibly and
quickly form a non-covalent ES

complex.
k . Second step: The ES complex
Xy 2. Second step P
E+S (k_| ES undergoes a chemical

transformation and dissociates to
give product (P) and enzyme (E).
v=k,[ES]

Many enzymatic reactions follow
Michaelis—Menten kinetics, even
though enzyme mechanisms are
always more complicated than the
Michaelis—Menten model.

k2

ES=>E+P

B W
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Michaelis=Menten Kinetics

k2
E+S 2 ES—>E+P

Now: we derive the Michaelis-Menten Equation

d[ES]/dt = K{[E][S] -k 4[ES] — k,[ES]
=0 (steady state assumption, see previous graph)

solve for [ES] (do the algebra)
[ES] = [E][S] kq/(k 4 + k5)

Define K,, (Michealis Constant)
Ky = (kK + Ky)/ky => [ES] = [E][S)/Ky

rearrange to give Ky, = [E][SJ/[ES]
{EINSTEIN
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Michaelis=Menten Kinetics

substitute [E]=[E], —[ES]
(LE], —[ESDILS]
[ES]
multiply both sides by [ES]
K, [ES]=(LE],—ESDLS]

:KM

solve for [ES] Kwv = [EI[SV/[ES]

5| LELS]

K +[S]

multiply both sides by k, (this gives get the velocity of the reaction)
ap _ v=k,[ES]= Kl EJS]
dt K, +[S]

and remember that k,[E], =v__
p= Vinan [0 Michaelis Menten Equation »2 EINSTEIN |

KM + [S] Albert Einstein College of Medicine
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Michaelis-Menten Kinetics
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Competitive Inhibition

E + S =——— ES — P + E
k_1

K|

4
El + S —— NOREACTION

© 2008 John Wiley & Sons, Inc. All rights reserved.
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Uncompetitive Inhibition

Ky Ky
E+S = ES — P + E
k_
+
I
. 4
K
4

ESI —— NO REACTION

© 2008 John Wiley & Sons, Inc. All rights reserved.
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Mixed (competitive and uncompetitive) Inhibition

Ky k,
k—1
+ +
| |
), o«
El ESI —— NO REACTION

© 2008 John Wiley & Sons, Inc. All rights reserved.
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ICICR PR Effects of Inhibitors on Michaelis—Menten Reactions?

Michaelis-Menten Lineweaver-Burk
Type of Inhibition Equation Equation Effect of Inhibitor
Vmax[S] 1 Ky 1 1
N Vo=—"——— —= + N
one K, + [S] Vo ViuxU5] WVowe
Vmax[S] 1 oKy 1 1
iti =T — = | KPP
Competitive Vo oKy + [S] v V.. IS] + V. ncreases K
Vimax[S] (Vmax/@') [S] 1 Ky 1 o’
iti = = — = + K 2pp v 2pPp
Uncompetitive Vo Ku + a'[S] Ku/a' + (5] ve Vo181 TV Decreases K 3 and V ;FF
Vimax[S] (Vimax/a') [S] 1 oKy 1 L
Mixed (noncompetitive) v, - = o/ — =" el Decreases V ;7F; may increase

oKy + a'[S] (a/a’)Ky + [S] Vo Vimax[S]  Viax or decrease KPP

RSP L pe———
a= Klana— K;

© 2008 John Wiley & Sons, Inc. All rights reserved.
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Non-cooperative versus cooperative

Not Cooperative

K
000 + B = 00B

K
00B +B «— 0BB

‘ n
Qs Cooperative

-B- Hp.

K
000 + B <—=00B

Protein K
00B + B «<—=0BB

T can be positive or negative (positive or negative cooperativity)

£
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Hill Equation — Simplest Model

We assume that the ligands bind simultaneously (unrealistic!):
E4+nS+——ES

Assuming Rapid Equilibrium

1
o BS
E. S
Vmax 5@*— Hill Coefficient
=

K + 8"
% EINSTEIN
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Vmax 5@*— Hill Coefficient

=
K 4 5"

The Hill Coefficient, n, describes

the degree of cooperativity. o
8 /// —

If n=1, the equation reverts v/

to a simple hyperbolic response. | [/ N

> [/ /,4_/"""—'—

| é// n=1

n > 1 : Positive Cooperativity a4 =2 |
T n=0.5

n - 1 : ND CDDperatiVity O(I) : 2 : 4 : 6 : 8 : 10 : 12 : 124 : 1!6 : 1!8 : 20

n <1 :Negative Cooperativity S
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Outline
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* A simple model of Wnt signaling network
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Whnt signaling pathway
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Whnt signaling pathway
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A simple model of Wnt signaling network

| s dx  dpx
= Sp ST [dT
’\1_/ S @@ Sy
- O
: u—IS
«— C < v C r > C _@
u > ~T
l cyloplasm du KD " dCT KTv
nucleus SC / dCA A @
? d¢ Il Sca d,
2
transcription CA SA
Rlnteracuon d
Y
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A simple model of Wnt signaling network

|
|
: dy dpyx : o |
| ‘ ‘ b Wnt stimuli and destruction cycle
| d ST
|
: I % = sp[X] — (dp + dpx(5))[D]
| d[X ; .
I %:SX_SD[X]_dX[X]'l'dD [D]
| i) _ RIDIC) o

dt [C] + Kp
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A simple model of Wnt signaling network

j?
S
-1
¥
7
.

dp P |
@: u ISCT @
<—Cu . CI :CT“"
du I{/D. " IdCT KT"
g ﬂ?h i ©
dc I| Sca 'd,
C, s
L —dp -

d|T]

Gene regulation

—— = sy +d¢rlCr] — (s¢r[C] + dp)[T]

dt

d
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A simple model of Wnt signaling network

d d
‘X ‘DX Cell adhesion
+
w
Sp ST NdT
SX Sy
L, al4] _ )
P = Ser 0T ® g Sat dcalCal = (scalC] + da)[A4]
—C.xC {Crro> d[C]
du - KD dCT | K1) 1 calCl[A] = dcalCyl
of gy @
C?C | ScA %A
! CA SIH
- — — — _ _ | dy
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A simple model of Wnt signaling network

dy dpx
[,
e
Sy C'zD : Sy
Gl
—C, u?LSCT = CT_@
d, Kp) = ldc-r K7l

s/ ldca

dC | Sca %ACT)
c,| s

A
dy
d(C
% = sc t+ dcalCyl + dcr[Cr]
~(sald] + serlT] + dpfc] - 2l S EINSTEIN
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A simple model of Wnt signaling network

d[A
d[D] . o d[T] % = 84 + dca[Cy] — (5calC] + dy)[4]

a5 % [X] = (dp(sw) + dpx (5:))[D] TR +der[Cr] = (scr[C] + dp)[T] d[C,]
d[X] i d[C;] dr = 5calCl[A] — dcalCy]
i sy — Sp[X] — dy[X] + dpx(s..)[D] T ser[CI[T] — der[Cr] d[C]

dc] _RDIC) o V) __sfer) o o et Al derl]

- — Uy lbly - B
&[4k dt Lol ~scald] +ser[1) + 0E) - e

Solve these ODEs by Mathematica
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Dsolve and NDSolve

= For ODEs without initial conditions, use Dsolve

Type of Equation

Syntax

Example Equation(s)

Dsolve for Example

One ODE Dsolve[eqgn,y,x] y"'+16y=0 Dsolve[y"[x]+16y[x]==0,y,x]
. y1'-y2-x=0 Dsolve[{y1'[x]-y2[x]-x==0,y2'[x]-y1[x]-
Multiple ODEs Dsolve[{egnl,eqn2,...},{y1,y2,...},x] y2'-y1-1=0 1220}, {yLy2}x]

= For ODEs with initial conditions, use NDSolve

Type of Equation

Syntax

Example Equation(s)

Dsolve for Example

NDSolve[{eqgn,il,i2...},y,{x,xmin,xma

y"+16y=0,y(0)=1,

NDSolve[{y"[x]+16y==0,y[0]==1,y'[0]==0},y,{x,

< h{y1,y2},{x,xmin,xmax}]

One ODE '
x}] y'(0)=0 0,30}]
NDSolve[{eqn1, eqn2, ..., i1, i2 y1-y2-x=0 NDSolve[{y1'[x]-y2[x]-x==0,y2'[x]-y1[x]-
Multiple ODEs an-, eans, .., 14 15, y2'-y1-1=0 y y ==0)y y

y1(0)=0,y2(0)=0

1==0,y1[0]==y2[0]==0},{y1,y2},{x,0,20}]
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Entering in Mathematica

Open Mathematica (Version shown here is Mathematica 6)
Use the following steps to solve the ODE in Mathematica:

1% Wolfram Mathematica 6.0 - [SemiBatch Example.nb *]
File Edit Insert Format Cell Graphics Ewaluation  Palekttes  window  Hel
Input ODE - -

4% SemiBatch Example.nb *

)= Egnl=X'[t] ==k {1 - X[t]} {¥0+vo+t) / (Hao « X[t])

E (V0 + twa) (1 -¥[t])

] = Kf ]l ==z
“tHl (el Nao x[t]

Define given variables nE= k= 2.7
In[5]:= W0 = 3;
In[@]= wo = 0.03;

In[7]:= Hao = 2500;
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3.

4.

Entering in Mathematica (cont.)

Define a variable to NDSolve and enter inputs

In[12]:= S0olwe = HDSolwve [{Egqnl, X[0] == 0. 0001}, X, {t, 0, 100}]:

Plot the solution

\

Xis conversion, and X[0] is entered as 0.0001 instead
of 0 so that the ODE will not be undefined

in[12]= Plot[Evaluate [X[t] f. solwve], {t, 0, 100}, FlotRange —Al11]

s —
06 _—
.-"'-l
o1zl 04T -
~
/
r

L
naF /

i

I.'

_Ill

3

20 40 60 20 100
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A simple model of Wnt signaling network

L L e L
w5t |\
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A simple model of Wnt signaling network

5000 -
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Outline
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Theory of chemical kinetics
Modeling temporal dynamics of subcellular processes
* A simple model of Wnt signaling network
A more complicated model of Wnt network
* Network crosstalk
Simulations of spatial organization of subcellular processes
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A more complicated model of Wnt signaling network

Cadherin-mediated Wnt stimulation and
Adhesion @ B-cat degradation

Active B- Cat *

\@;l

Gene Expressmn
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A more complicated model of Wnt signaling network

a) Cellj

trans-dimerization
dX dDX

n Cad/Cat Cad
W P
‘\O Celli

Whnt stimulation and
B-cat Degradation

cis-clustering

Cad/Cat = Cad/Catj€——» Cad/Cat | <€——» Cad/Cat

d CA B-Cat B-Cat B-Cat
e Of P T
|
|

A
(Golgi) (free) (trans) (cis)
C s, e i
‘{1 Endocytosis cad Endocytosis 4 Endocytosis Cad
o
| e e e — -l d Y (free) R (trans) (cis)
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A more complicated model of Wnt signaling network

WNT OFF a)
WRm

Cell Membrane

\Degradation

. APC Active B-Ca ‘ GSK3-pB/ID
Axin[ /W( -

l nPC/B-Cat Cadherin mediated| [ Gene Expression
i Adhesion
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0—
A
HE
W/

S

WNT ON b)

WBD  CK1-WBD GSK3-WBD

WCﬁ_b?.l ™ (P] ?1—:-%\,\,0

' i ﬁ ? Cell Membrane
T T2 T2 T2
= [ i g1 g
] \1 :, ~: ‘, dg‘

~

@ @arc .B_Cat Active B-Cat GSK3-pB/ID

Axin / / \
l]'{ma >:;f;s;::d‘md S8 EINSTEIN
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A more complicated model of Wnt signaling network

Cadherin mediated Wnt stimulation and
DX Adhesion B-cad degradation

d \/
[

Active B-Cat

i | ABC/Bcl9 Cytoplasm

[

I ‘P ABC/BCI9(N) Nucleus
[ [

[

[

[

g) ABC/TCF Complex

| Gene Expression |

Function Selection Strategy

Kp—
oq [ELGs @
A Y ; Cadherin mediated Wnt stimulation and

d S Adhesion related B-cat degradation related | Other
C || °cA I d I A
\ 4 A
C | I ' [ E-cad N-Cad } Axin (éy';f:ggﬂ
A S A I + | Snail,Slug,| [Twist, etc Axin, etc CD44, BMP4, ;
i | E-Cad,L1, Telomerase, !
I_ d I 1| Twist etc etc :
— Yh e cccc;;c---cce;-ecee-c-ece;s;--c--e-es-e--mc-ee;eemmmee-=nl
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A more complicated model of Wnt signaling

network

Index Chemical reactions Descriptions Parameters
m Saxin Synthesis of proteins S axin =200 Mh~!
@ Sarc Sapc=2000Mh~"
@) S car S8 car =602nMh~"
“) Sive Sipe =346nMh~"
(5) gim | AXin] Degradation of proteins i =1h""
(6) dype|APC) dype=10"
(0] dp | B—cat] e =0.11""
@ ENC=1h-1
© dpan=0.1h""
Adhesion Network  (10) Scodfce Synthesis of Cad/Cat complex in Golgi o = 206nMh~
an ki [Cad{ Catl 1 Degradation of Cad/Cat complex in Golgi kgf' =1~
(12) Kesarie | Cad [ Cat] g1, Shuttling Cad/Cat complex from Golgi to cell surfaces Kghurrte =2.430~"
a3 Kl (Cad/ Catly, Endocytosis of Cad/Cat complex on cell surfaces A Ll
n4) kfrent [Cad [ Cat) Kkl =0.5h"
(15) b [Cad/ Car) = 02!
(16) Klres, [ Cad),,, Endocytosis of cadherin on cell surfaces ke =1h!
a7) Kty Cad )y el = 0.5~
18) ke, [Cad) 5, ket =034
(19) ket |B— Catl[Cad] ,, — Kger,[Cad [ Car],, Formation of Cad/Cat complex Kiper, =30nM = b~ K4t = 1004
200 Ky |Cad [ Cat),,, — K. [Cad[Cal],,, Ky = 300M <1008 °
@) kB~ Carl|Cad),,, — ki, Cad/Car], kit kit depends on membrane organization effects S t O C h a St I C
@2) Ky |Cad {Cat],, — Kb, [Cad [ Car],,, Formation of trans-dimer Kpransk ... depends on adhesion condition
(23) K [Cad [ Cat] gy — K, [ Cad / Ca] Formation of cis-cluster K k" depends on adhesion condition

Destruct Complex (24)
Cycle

(25)
(26)
27)
(28)
(29)
(30)
(E3))

32)
(33)
(34)

Wnt Activation (35)

(36)
(37)
(38)
(39)
(40)
Signaling transduction(41)
(42)
(43)

cis| eis

kay g [Axin|[B— Cat] =k 4y gp|Axin/ B~ Car

kapyns|APC||B— Catl —k1p 5| APC/ B— Car)
Kapyaxy [Axin)[APC) — K up) x4l Axin/ APC)
kpy[Axin/APC||GSK3) —kps[D)

kgp,s|D)|B~ Cat]—kgp,[BD]

ity orr|BD| = kGinr _ore[CK1 —pBD]

K o (CK1 —pBD) —k Py opr|GSK3—pBD)
Ktvansorn |GSK3 — pBD)

Kdeg raurion|GSK 3= pBJID)

Krecon[D]

KA wnr - ope CK1 = pBD) = kA5G, o ope|ABC)|D)
Ky p[wC] (D]

I, W C)[BD]

Ky p[WC|[CK1 ~pBD)

k) o WC]|GSK3 — pBD;

kup|WD|B| —kpp,s|WBD|

kililvr o [WBD] —kiSinr ox[CK1—WED|
KSRy o CK1— WBD] K8 ov|GSK3— WBD]

Keranform |GSK3 — WBD|

kARG o wnr—on|CK1— WBD]— kA5G, on|ABC|[WD]
KJABC) —k )2 [ABC/ Bel9)]

Ky [ABC/Bel9)— K7 [ ABC/ Beld(N)]
Kyr[ABC/Bel9(N)| —kfy [ABC/TCF)

B-cat retention caused by Axin.

B-cat retention caused by APC.
Formation of Axin/APC

Formation of destruction complex
Binding B-cat by destruction Complex
Phosphorylation of B-cat by CK1
Phosphorylation of B-cat by GSK3

Transformation of Destruction Complex

Degradation of GSK3-pB
Recovery of Destruction Complex
Release of ABC

Binding to Wnt/receptor complex

Binding B-cat by destruction Complex
Phosphorylation of B-cat by CK1
Phosphorylation of B-cat by GSK3
Transformation of destruction complex
Release of ABC

ABC binds to Bcl9

ABC/Bcl9 transports into Nuclear

ABC binds to TCF

cisK cis

Kax/ng =0.0150M~"0=" kx5 =100~

L] L]
simulation
kappaxy =01nM 0" kyprayn=100""
kpy=0.75nM~"h~" kpy=100n""

keppy =384nM Y kpp s = 10005

K§Sivr—opr =250h"" kGbxnr_ opr =2000""
K orr=4000~"

Kiransgorm = 300h~"

Kaeg radarion = 1008 "
Krvoe =104~
kvt —ope = 3240 kA opp =0.54nM ~'h~!

K p=2500nM"h~"

kapy=384nM="h~" kgps=1000n—"

kv on =200 kG xr oy =4000R~"
ke - oy ™=1204" kﬁﬂw,m=60'f4

Kiransform = 3004~

":‘.rﬁ.l;w.uwr—mzlsgmh ‘k:ua‘(l‘h\‘T—UNZSMM !

KYM2=208-1 K22 =204
Ry =20k~ Ky =205~

Ky =200 kb =20K""
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Step 1: Given the system state, determine
the rate of each reaction, a..

* Reaction1:S,;+S, =2 S;, with rate constant k;
— X4, X, are the numbers of the reactant molecules

— Define the stoichiometry: h, = X X, ; this will give
dependence on amounts of molecules.

— Then a,;= h k= k; XX, = rate for this reaction.
* Reaction2:S,+S; =2 S,,
— h, = X;(X;-1)/2

* Finally, define: aj = Xa, (r =1 to R)

— This is the combined rate of all possible reactions
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Step 2 When does the next reaction
occur ...

Pick p, a uniform random

number fromOto 1 12
i i 12 -
Let rz—ln[—j L
aO p 6 -
L 4
This is time of the next event. 5
(Note that the time step O L
doesn’t have to be S S S o
predetermined, and is exact.) r
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Step 2 ...and which reaction is it?

Determine which reaction occurs at time T:
Pick p,, another uniform random number from O to 1

. . r—1 r
Find r, such that: Zai<p2a0<zai
i=1 i=1

Think about dividing a, into R pieces of length a,
p, determines r based on weighting:

a a a;, |a |
. 2 =4 b2 EINSTEIN

OF YESHIVA UNIVERSITY



Step 3 Update the System State

e Updatet=t+7
* Update X = [X,, X,, ...X.] according to the
reaction stoichiometry

— Subtract substrates and add products for the
indicated rth reaction.

— For each ¢, X_ = X_—S(r,c) + P(r,c)
* |[n matrix format:
— X(end+1,:) = X(end,:) — S(r,:) + P(r,:)
* Update reaction step counter (RC = RC+1).

Step 3 is to determine how each of C chemicals are affected
Do these three steps iteratively. o
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A more complicated model of Wnt signaling network

1000

Number of molecules

100

—_l
-

AXin
- - - GSK3-phosphor-B-cat 1
----- CK1-phosphor-B-cat
<+—Start Wnt stimulation
5 10 15 20

Simulation time (Hr)
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A more complicated model of Wnt signaling network

1000 N
800
600|
400|
200

Number of Cadherins

o 5 10 15 20
Time after Wnt stimulation (Hr)
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A more complicated model of Wnt signaling network

EPITHELIAL

MESENCHYMAL

e
e

Mo cell polarity

it

Cell polarity

Cell adhesion (to each other and

: Loss of cell adhesion
to Extra Cellular Matrix

Stationary Ability to migrate and invade

Low level of E-cadheri
High level of E-cadherin SR AR

Low level of N-cadherin High level of N-cadherin

Buddhini Samarasinghe
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Outline

Background
Theory of chemical kinetics
Modeling temporal dynamics of subcellular processes
* A simple model of Wnt signaling network
A more complicated model of Wnt network
* Network crosstalk
Simulations of spatial organization of subcellular processes
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Crosstalk between Wnt and EGF sighaling networks

ERK pathway

{ EGFR ]

Frizzlad

1 Fs Ras and PKC3 Inhibition by GSK3p

F;

by activa ERK

S08/Grb2 inhibition

LN L
F
| Ras |-1 .
Ras stabilization through

§
5
=
2 — Snail
Postiransiational

Artho-inhibition

i—catenin/TCF complex

rmocification

Wnt pathway

Destruction
complex
GSK3p 2
A ET 5
H :

=5 g

E =

b =]

Aulo-aciivation

rransergional | ramacritionat

regulation

regulalian

EMT

(metastasis)

Gene regulation

Plasma membrane

Axin transcription by the
f—cateninTCF complex
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Crosstalk between Wnt and EGF sighaling networks
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Outline

* Background

* Theory of chemical kinetics

* Modeling temporal dynamics of
subcellular processes

e Simulations of spatial organization
of subcellular processes
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Spatial Stochastic Simulators

e Particle based

— Individual molecules are represented as point-based
particles, which diffuse random distance and random
direction at each time step

— If two reacting molecules pass near each other they may
react

— Computations increase with number of molecules
— Smoldyn, MCell, CDS

Diffusion Association Dissociation
o,
Membrane i EINSTEIN
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Outline

Background
Theory of chemical kinetics
Modeling temporal dynamics of subcellular processes
Simulations of spatial organization of subcellular processes
e Receptor clustering
 Complex assembly

L
#g EINSTEIN

\\\\\\\\\\\\\\\\\\\\



Outline

Background
Theory of chemical kinetics
Modeling temporal dynamics of subcellular processes
Simulations of spatial organization of subcellular processes
e Receptor clustering
 Complex assembly
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Receptor Clustering

Integrins (

I
e,

2 M@ g W%WMW

T L o i Il I B i i
i, 120 cri 27

Focal Adhesion

@ FasL

4

e, Antigen Presenting Cell

i, % WMW A28
wffrf’fwg@fwf#? /3

?M»MM Fas Rece] tor
; W AL IR B JJJMFWJJ g @ i {!“w

Cagpase 8
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Cell Membrane Cell Membrane

A A Integrin-ICAM
:_;,_ 3 ? Necl-1 = iﬁél
ex
"% Complex
'l ‘Ea* 13 R, K
‘- 'l
l t_ , .,-,_'
Cell Membrane Cell Mmbrene
Curr. Opin. Cell Bio. 19:543, (2007). Curr. Opin. Cell Bio. 19:343, (2007).

Cell Membrane _ Cell Membrane

Cell Membrane | Cell Membrane
NSME. 17:398, (2010) I. Neuwrochem. 94:1169, (2003)
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Extracellular Stimulus (Mechanical, Chemical)

Individual molecules Molecular complex

Intracellular Responses
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’:I strand swap interface -

#
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cis interface
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Simulation Strategy

> In order to carry the membrane interface simulation, the cell
membrane 1s first simplified as a two-dimensional lattice space.

> While the cadherin molecules can be randomly diffused on this
space, by moving from one lattice point to one of its nearest
neighbor point in each step.
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Simulation Strategy
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Simulation Strategy
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Simulation Strategy
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Simulation Strategy
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Simulation Strategy
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Simulation Strategy
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Simulation Strategy
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Simulation Strategy
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Simulation Strategy
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Simulation Strategy
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Simulation Strategy
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Simulation Strategy
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Simulation trajectory
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Experimental Validation

Cis mutant

Wild-type

r

e

-~

L

#

o
=

EINSTEIN

Albert Einstein College of Medicine

|

OF YESHIVA UNIVERSITY



Receptor clustering regulates cell signaling

a)',’ g Lattice Simulatiunsx‘, b) : C)
1
i | il il
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Outline

Background
Theory of chemical kinetics
Modeling temporal dynamics of subcellular processes
Simulations of spatial organization of subcellular processes
e Receptor clustering
 Complex assembly
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Modeling cellular heterogeneity: simulation algorithm

For all molecules in the system

[Randomly select on molecule]

/

‘ Diffusion Scenariﬁ
[If the molecule is on membrane ?]

3D Diffusion ' no

2D Diffusion ' yes

In a complex? ] In a complex?
no ' yes no yes

Monomer

Complex Monomer Complex

move

\S

move move move /

¥

[ Check collisions ]

/

I Reaction Scenaria

[ If the molecule is in a complex? ]

'vno

' yes

Association with
probability of P,

Dissociation with
probability of P ¢

N

/

¥

Iteration

[ Move simulation time forward]
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Number of Interactions
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Number of Interactions

Functional significance of forming high-order complex

25 —— o . x
s —Dlmer Tr|mer ] J 100 ! —
20}
L 1 80 1
. i g " N
I \” g ”H i £ lotstate
10
[*]
g)l, 40 1
51 o ——N=5
! 201 N=10
0
00  2.0x10°  4.0x10° 6.0x10° 8.0x10° 1.0x10’ 0 5 0 15 20
Simulation Steps Dose (a. u.)

The cooperativity exists when multimeric spatial organization requires the
formation of initial seed complex. This intrinsic cooperation leads to slower
kinetics during complex assembly, but it is significant to the functions of signal
transduction. It leads to the fact that cells could exhibit an all-or-none transition
only when there is a persistent and high dose of stimulation, which is called a
threshold response.

The biological noises due to conformational fluctuations of macromolecules or
randomness in molecular diffusions can be reduced through the spatial formation

of high-order molecular patterns. i EINSTEIN
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Assembly of signalosome: a real example

nembrane
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Functional significance of forming high-order complex
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Summary

* Background

* Theory of chemical kinetics

* Modeling temporal dynamics of
subcellular processes

e Simulations of spatial organization
of subcellular processes
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