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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 such as c-fos.
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Extracellular Stimuli

• Not only chemical

• Electrical : Neural receptors

• Optical: Rhodopsin

• Mechanical: Integrin, Adhesive receptors

• Always mixed





Cells

Inputs

Outputs

: stimulus

: changes of gene expressions

How : signaling network

When: temporal

Where : spatial

From the opinion of a physicist





A. The basic components of a typical 

signalling pathway, consisting of a 

receptor (R) and three signalling

components (X, Y and Z). 

B. 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. 

C. A variety of scaffolds function to hold 

together the individual components 

of signalling pathways to create 

macromolecular signalling

complexes. 

D. These macromolecular signalling

complexes can be aggregated in 

specific locations within the cell, as 

occurs in lipid rafts and caveolae.

Spatial organization of cell signaling
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Simplest enzyme mechanism

- One reactant (S)

- One intermediate (ES)

- One product (P)



1. First step: The enzyme (E) and 

the substrate (S) reversibly and 

quickly form a non-covalent ES 

complex.

2. Second step: The ES complex 

undergoes a chemical 

transformation and dissociates to 

give product (P) and enzyme (E).

3. v=k2[ES]

4. Many enzymatic reactions follow 

Michaelis–Menten kinetics, even 

though enzyme mechanisms are 

always more complicated than the 

Michaelis–Menten model.



Now: we derive the Michaelis-Menten Equation

d[ES]/dt = k1[E][S] –k-1[ES] – k2[ES] 

= 0    (steady state assumption, see previous graph)

solve for [ES]    (do the algebra)

[ES] = [E][S] k1/(k-1 + k2)

Define KM (Michealis Constant)

KM =  (k-1 + k2)/k1 => [ES] = [E][S]/KM

rearrange to give KM = [E][S]/[ES]



           substitute [E] = [E]0 −[ES]

([E]0 −[ES])[S]

[ES]
= KM                                     eqs 12-20 VVP

        multiply both sides by [ES]

KM [ES] = ([E]0 −[ES])[S]

       solve for [ES]

[ES] =
[E]0[S]

Km +[S]
                                                  eq 12-22  VVP

          multiply both sides by k2  (this gives get the velocity of the reaction)

dP

dt
= v = k2[ES] =

k2[E]0[S]

KM +[S]
                              eq 12-23  VVP

          and remember that k2[E]0 = vmax

v =
vmax[S]

KM +[S]
     Michaelis Menten Equation        eq 12-25  VVP

KM = [E][S]/[ES]





Competitive Inhibition



Uncompetitive Inhibition



Mixed (competitive and uncompetitive) Inhibition



Table 12-2
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Epithelial-mesenchymal Transition

Wnt signaling pathway
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A simple model of Wnt signaling network
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A simple model of Wnt signaling network
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Wnt stimuli and destruction cycle
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A simple model of Wnt signaling network

�[�]�� = �� + ��� �� − (���[�] + ��)[�]�[��]�� = ��� � [�] − ��� ���[�]�� = �	[��]�� + �� − �	 �

Gene regulation
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A simple model of Wnt signaling network

��[�]�� = �� + ��� �� − (���[�] + ��)[�]�[��]�� = ��� � [�] − ��� ��

Cell adhesion
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A simple model of Wnt signaling network
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Solve these ODEs by Mathematica

A simple model of Wnt signaling network



Dsolve and NDSolve

� For ODEs without initial conditions, use Dsolve

� For ODEs with initial conditions, use NDSolve

Type of Equation Syntax Example Equation(s) Dsolve for Example

One ODE Dsolve[eqn,y,x] y''+16y=0 Dsolve[y''[x]+16y[x]==0,y,x]

Multiple ODEs Dsolve[{eqn1,eqn2,…},{y1,y2,…},x]
y1'-y2-x=0

y2'-y1-1=0

Dsolve[{y1'[x]-y2[x]-x==0,y2'[x]-y1[x]-

1==0},{y1,y2},x]

Type of Equation Syntax Example Equation(s) Dsolve for Example

One ODE
NDSolve[{eqn,i1,i2…},y,{x,xmin,xma

x}]

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

y'(0)=0

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

0,30}]

Multiple ODEs
NDSolve[{eqn1, eqn2, ..., i1, i2, 

…},{y1,y2},{x,xmin,xmax}]

y1'-y2-x=0

y2'-y1-1=0

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

NDSolve[{y1'[x]-y2[x]-x==0,y2'[x]-y1[x]-

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



Entering in Mathematica

� Open Mathematica (Version shown here is Mathematica 6)

� Use the following steps to solve the ODE in Mathematica:

1. Input ODE

2. Define given variables



Entering in Mathematica (cont.)

3. Define a variable to NDSolve and enter inputs

4. Plot the solution 

X is conversion, and X[0] is entered as 0.0001 instead 

of 0 so that the ODE will not be undefined



A simple model of Wnt signaling network

time

[C](Wnt off) [C](Wnt on)

time



A simple model of Wnt signaling network

time

[��]

time
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A more complicated model of Wnt signaling network
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A more complicated model of Wnt signaling network
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A more complicated model of Wnt signaling network

AC

A

T

TC

Y

uC

DX

+
+

C

+
w�� ����� ��

�������

�� ��� ��

��� �	��
���

�	
�������

�
 �����




A more complicated model of Wnt signaling network

Stochastic 

simulation



Step 1: Given the system state, determine 

the rate of each reaction, ar.

• Reaction 1: S1 + S2 � S3, with rate constant k1

– X1, X2 are the numbers of the reactant molecules

– Define the stoichiometry: h1 = X1X2 ; this will give 

dependence on amounts of molecules. 

– Then a1= h1k1= k1 X1X2 = rate for this reaction.

• Reaction 2: S1 + S1 � S2, 

– h2 = X1(X1-1)/2

• Finally, define: a0 = Σar (r = 1 to R) 

– This is the combined rate of all possible reactions



Step 2 When does the next reaction 

occur …

• Pick p, a uniform random 
number from 0 to 1

• Let

• This is time of the next event.

• (Note that the time step 
doesn’t have to be 
predetermined, and is exact.)
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Step 2 …and which reaction is it?

• Determine which reaction occurs at time τ:

• Pick p2, another uniform random number from 0 to 1

• Find r, such that: 

• Think about dividing a0 into R pieces of length ar

• p2 determines r based on weighting:

a1 a2 a3 a4

p2a0
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Step 3 Update the System State

• Update t = t + τ

• Update X = [X1, X2, …XC] according to the 
reaction stoichiometry
– Subtract substrates and add products for the 

indicated rth reaction. 

– For each c, Xc = Xc – S(r,c) + P(r,c)

• In 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.



A more complicated model of Wnt signaling network
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A more complicated model of Wnt signaling network
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A more complicated model of Wnt signaling network
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Crosstalk between Wnt and EGF signaling networks



Crosstalk between Wnt and EGF signaling networks
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Spatial Stochastic Simulators

• 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

σb

Association DissociationDiffusion

Membrane
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Adherens Junction Focal Adhesion

Fas Signaling PathwayT Cell / Antigen Presenting Cell Interface

Receptor Clustering





Extracellular Stimulus (Mechanical, Chemical)

Intracellular Responses 





� In order to carry the membrane interface simulation, the cell 
membrane is 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.

Simulation Strategy 



Simulation Strategy 
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Simulation Strategy 



Simulation Strategy 



Simulation Strategy 



Simulation Strategy 



Ptrans

Simulation Strategy 



Simulation Strategy 



Simulation Strategy 



Pcis

Simulation Strategy 



Simulation trajectory

Wild-type Cis mutant



Wild-type Cis mutant

Experimental Validation



Receptor clustering regulates cell signaling

Lattice
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Modeling cellular heterogeneity: rigid-body model



Modeling cellular heterogeneity: rigid-body model



Modeling cellular heterogeneity: simulation algorithm



Modeling cellular heterogeneity: model validation
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� 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. 

Functional significance of forming high-order complex



Assembly of signalosome: a real example
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