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A	  Diagram	  is	  a	  Model	  

Bubba	  Thomas	  



Computa)onal	  Models	  
Byron and Jim, 
I couldn’t help but think of the following figure from your paper: 
 

 
when I saw the following data last week.

 
 
(to be fair, the maximum histamine release for the unimodal curve was 88% and for the bimodal curve, 
32%, but the pattern caught my eye).  
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Figure 5 Visualization of a rule-based model. 

JJ	  



What	  is	  Rule-‐based	  Modeling	  (RBM)?	  

Molecules	  are	  modeled	  as	  structured	  objects	  
LYN(SH3,SH2,kin,Y397~0~P,Y508~0~P)

Molecule	  
Components	  

States	  

FceRI(a_Ig,b_Y218~0~P,g_ITAM~0~P)



What	  is	  Rule-‐based	  Modeling	  (RBM)?	  
Rules	  define	  the	  interac)ons	  of	  molecules	  

	  

LYN(SH2) + Rec(bY_218~P) <-> LYN(SH2!1).FceRI(bY_218~P!1) kpL, kmL

“Lyn	  SH2	  domain	  binds	  to	  phosphorylated	  Tyr	  218	  on	  the	  β	  subunit	  of	  FcεRI	  ”	  

Reactants	   Products	   Rate	  Law	  

bond	  
Center	  –	  elements	  modified	  by	  the	  ac)on	  of	  the	  rule	  
Context	  –	  elements	  required	  for	  reac)on	  to	  occur	  but	  not	  modified	  
“Don’t	  write	  don’t	  care”	  –	  elements	  not	  men)oned	  may	  be	  in	  any	  state	  
è	  One	  rule	  can	  generate	  reac1ons	  involving	  many	  different	  species	  	  
Reac)on	  rate	  determined	  by	  Mass	  Ac(on	  kine(cs	  
	  	  rate	  forward	  =	  kpL*[Lyn(SH2)]*[Rec(bY_218~P)]	  

rate	  per	  reactant	  set	  (instance	  rate)	  



Why	  was	  RBM	  developed?	  
•  Proteins	  are	  mul)-‐func)onal	  

	  
	  
	  
	  

•  Represen)ng	  their	  known	  interac)ons	  requires	  
handling	  of	  combinatorial	  complexity	  

mul)ple	  sites	  of	  binding	  
	  
mul)ple	  sites	  of	  pos]ransla)onal	  modifica)on	  

Small	  number	  of	  components	  and	  interac)ons	  èhuge	  number	  of	  possible	  species	  and	  reac)ons	  

Small	  number	  of	  rules	  



2	  

4	  

6	  

Combinatorial	  Complexity	  in	  
Biochemical	  Interac)ons	  

Contact	  Map	  for	  
molecules	  involved	  in	  
EGFR	  signaling	  

Enumera(on	  of	  receptor-‐containing	  species	  	  

monomers	  

dimers	  



Why	  use	  RBM?	  
•  Concise	  and	  precise	  representa)on	  of	  
biochemical	  knowledge	  
–  rules	  are	  simple	  (less	  context)	  when	  interac)ons	  are	  
modular	  

•  Flexible	  with	  respect	  to	  simula)on	  method	  
– Determinis)c	  /	  stochas)c	  
– Well-‐mixed	  /	  compartmental	  /	  spa)al	  

•  Structures	  and	  rules	  are	  reusable	  
–  Rule	  libraries	  

•  Compact	  visual	  representa)on	  
–  Contact	  map	  and	  beyond	  

IgG
Fab Fab

FcεRI

Ms4a2 Fcer1g

Lyn
Unique SH2

pY218

Syk
kinase

Lat

pY136

A B

kinase
tSH2

N-SH2 C-SH2

Fcer1gITAM
Fcer1a

ITAM

pY65/76

γ2

Contact	  map	  



Model	  Comparison	  	  

BioModels	  543	   BioModels	  19	  

Generated	  by	  MOSBIE,	  a	  model	  explora1on	  system	  within	  RuleBender	  



Some	  Rule-‐Based	  Modeling	  Tools	  

•  BioNetGen	  &	  rela)ves	  
– RuleBender	  
– NFsim	  
– BioNetGen@VirtualCell	  

•  Kappa	  &	  rela)ves	  
•  Simmune	  
•  pySB	  
•  SBML	  Level	  3	  Mul)	  



Rule-‐Based	  Modeling	  protocol	  
1.	  	  Iden)fy	  components	  and	  interac)ons	  

2.	  	  Translate	  into	  objects	  (molecules)	  and	  rules	  

3.	  Determine	  concentra(ons	  and	  rate	  constants	  
4.	  Simulate	  and	  analyze	  the	  model	  

ODE’s	   PDE’s	  SSA	   BD	  

IgE(a,a)!
FceRI(a,b~U~P,g2~U~P)!
Lyn(U,SH2)!
Syk(tSH2,lY~U~P,aY~U~P)!

Transphosphorylation!

Lyn(U!1).FceRI(b!1).FceRI(b~U)-> \!
Lyn(U!1).FceRI(b!1).FceRI(b~P)   !

…	  

…	  



SPECIFYING	  A	  RULE-‐BASED	  MODEL	  



Defining	  Molecules	  

IgE(a,a)
FceRI(a,b~U~P,g2~U~P)
Lyn(U,SH2)
Syk(tSH2,lY~U~P,aY~U~P)

BIONETGEN	  Language	  

Components	  represent	  molecule	  elements	  
•  Domains	  
•  Mo)fs	  
•  Proper)es	  

Molecules	  are	  the	  basic	  objects	  in	  a	  
BNG	  model	  



Defining	  Molecules	  

IgE(a,a)
FceRI(a,b~U~P,g2~U~P)
Lyn(U,SH2)
Syk(tSH2,lY~U~P,aY~U~P)

BIONETGEN	  Language	  

Components	  may	  have	  different	  states	  
represen)ng	  
•  pos]ransla)onal	  modifica)ons	  
•  conforma)onal	  state	  
•  …	  

Molecules	  are	  the	  basic	  objects	  in	  a	  
BNG	  model	  



Binding	  

IgE(a,a!1).FceRI(a!1,b~U,g2~U)

BIONETGEN	  Language	  

Bonds	  are	  formed	  by	  linking	  two	  
components.	  The	  ‘.’	  indicates	  a	  set	  of	  
molecules	  forming	  a	  complex.	  
	  
Components	  may	  have	  both	  states	  and	  
bonds.	  
	  
Bonds	  may	  occur	  within	  a	  molecule.	  

Molecules	  bind	  other	  molecules	  
through	  components	  

FceRI(a,b~U!1,g2~U).Lyn(U!1)

Lyn(SH2!1,Cterm~P!1)



Defining	  Interac)on	  Rules	  

IgE(a,a)+ FceRI(a)<-> IgE(a,a!1).FceRI(a!1)
… 

BIONETGEN	  Language	  

binding	  and	  dissocia)on	  

Transphosphorylation	  

component	  state	  change	  

Lyn(U!1).FceRI(b!1).FceRI(b~U)-> \
Lyn(U!1).FceRI(b!1).FceRI(b~P)   



Parts	  of	  a	  rule	  

IgE(a,a)+ FceRI(a)<-> IgE(a,a!1).FceRI(a!1) kp1, km1 

Reactants	   Products	  Arrow	  
Rate	  Law	  



Parts	  of	  a	  rule	  

IgE(a,a)+ FceRI(a)<-> IgE(a,a!1).FceRI(a!1) kp1, km1 

Reactants	   Products	  Arrow	  
Rate	  Law	  

Reactant	  pa1erns	  
select	  proper)es	  of	  
each	  reactant	  
molecule.	  	  

IgE(a,a)	   FceRI(a,b~U,g~U)	  



Parts	  of	  a	  rule	  

IgE(a,a)+ FceRI(a)<-> IgE(a,a!1).FceRI(a!1) kp1, km1 

Reactants	   Products	  Arrow	  
Rate	  Law	  

Reactant	  pa1erns	  
select	  proper)es	  of	  
each	  reactant	  
molecule.	  	  

IgE(a,a)	   FceRI(a,b~U,g~U)	   States	  of	  components	  not	  
specified	  don’t	  affect	  the	  
match.	  
“Don’t	  write,	  don’t	  care.”	  	  

FceRI(a,b~P,g~U)	  



Parts	  of	  a	  rule	  

IgE(a,a)+ FceRI(a)<-> IgE(a,a!1).FceRI(a!1) kp1, km1 

Reactants	   Products	  Arrow	  
Rate	  Law	  

Reactant	  pa1erns	  
select	  proper)es	  of	  
each	  reactant	  
molecule.	  	  

IgE(a,a)+ FceRI(a,b~U,g~U)<-> IgE(a,a!1).FceRI(a!1,b~U,g~U) kp1, km1 

IgE(a,a)+ FceRI(a,b~P,g~U)<-> IgE(a,a!1).FceRI(a!1,b~P,g~U) kp1, km1 

Because	  pa]erns	  can	  match	  	  
many	  different	  species,	  
each	  rule	  can	  generate	  
many	  reac)ons.	  



Center	  and	  context	  
The	  center	  of	  a	  rule	  is	  the	  part	  that	  the	  rule	  
changes.	  

IgE(a,a)+ FceRI(a)<-> IgE(a,a!1).FceRI(a!1) kp1, km1 

The	  context	  is	  the	  part	  that	  is	  necessary	  for	  the	  
rule	  to	  happen	  but	  is	  unchanged.	  

bond	  is	  formed	  



Center	  and	  context	  

Transphosphorylation	  

Lyn(U!1).FceRI(b!1).FceRI(b~U)-> \
Lyn(U!1).FceRI(b!1).FceRI(b~P)   

The	  center	  of	  a	  rule	  is	  the	  part	  that	  the	  rule	  
changes.	  

IgE(a,a)+ FceRI(a)<-> IgE(a,a!1).FceRI(a!1) kp1, km1 

The	  context	  is	  the	  part	  that	  is	  necessary	  for	  the	  
rule	  to	  happen	  but	  is	  unchanged.	  

bond	  is	  formed	  

Context	  can	  represent	  complex	  
biochemistry.	  

component	  state	  is	  
changed	  



Composi)on	  of	  a	  Rule-‐Based	  Model	  

Molecules	   Reac(on	  Rules	  
begin reaction_rules
# Ligand-receptor binding      
1 Rec(a) + Lig(l,l) <-> Rec(a!1).Lig(l!1,l) kp1, km1
 Rec(a) + Lig(l,l) <-> Rec(a!1).Lig(l!1,l) kp1, km1

# Receptor-aggregation
2 Rec(a) + Lig(l,l!1) <-> Rec(a!2).Lig(l!2,l!1) kp2,km2

# Constitutive Lyn-receptor binding
3 Rec(b~Y) + Lyn(U,SH2) <-> Rec(b~Y!1).Lyn(U!1,SH2) kpL, kmL
…

begin molecules
Lig(l,l)
Lyn(U,SH2)
Syk(tSH2,l~U~P,a~U~P) 
Rec(a,b~U~P,g~U~P)
end molecules

BioNetGen	  language	  



Methods	  for	  simula)ng	  RBMs	  

Model	  
Specifica)on	  

Configura)on	  
Genera)on	  

Network	  
Genera)on	  

Reac)on	  
Network	  

Reac)on	  
Network	  
Simulator	  

Direct	  Indirect	  

NFsim	  



reaction rules 

+ A	  
a	  	  	  	  	  	  	  	  	  	  	  	  a	  	  	  	  	  	  	  	  	  	  	  	   A	  

+ C	  
	  	  	  	  	  	  	  	  	  	  	  c	  	  	  	  	  	  	  	  	  	  	  	  	  c	   C	  

+ B	  
b	  

b	   B	  

C	  A	   B	  

a	  	  	  	  b	  	  	  	  c	  

contact map 

species 

reactions 

4 molecule types 
3 rules 

 
 
 

11 species 
12 reactions 

Indirect	  Methods	  –	  Network	  
Genera)on	  



system configuration 

6	  

5	  

6	  

7	   3	  

5	  

reaction rules 

total propensity 

6	  

A	  

6	   4	  
+ A	  

a	  	  	  	  	  	  	  	  	  	  	  	  a	  	  	  	  	  	  	  	  	  	  	  	  a	  	  	  	  	  	  	  	  	  	  	  	  + A	  
a	  	  	  	  	  	  	  	  	  	  	  	  a	  	  	  	  	  	  	  	  	  	  	  	   A	  

+ B	  
b	  

b	   B	  

+ C	  
	  	  	  	  	  	  	  	  	  	  	  c	  	  	  	  	  	  	  	  	  	  	  	  	  c	   C	  

A	  
a	  	  	  	  b	  	  	  	  c	  

A	  
a	  	  	  	  b	  	  	  	  c	  

C	  
a	  	  	  	  b	  	  	  	  c	  

C	  B	  
a	  	  	  	  b	  	  	  	  c	  C	  A	  

a	  	  	  	  b	  	  	  	  c	  

A	   B	  
a	  	  	  	  b	  	  	  	  c	  

C	  B	  
a	  	  	  	  b	  	  	  	  c	  

C	  A	   B	  
a	  	  	  	  b	  	  	  	  c	  

A	   B	  
a	  	  	  	  b	  	  	  	  c	  

A	  

B	  

C	  

B	  

C	  

A	  

B	  

A	  

B	  

C	  
A	  

B	  

a	  	  	  	  b	  	  	  	  c	  

a	  	  	  	  b	  	  	  	  c	  

B	  
a	  	  	  	  b	  	  	  	  c	  

Direct	  Methods	  (NFsim)	  
event generation 



RuleBender	  
rulebender.org	  	  An	  eclipse	  RCP	  applica)on	  	  



Basic	  RBM	  workflow	  with	  BioNetGen	  

http://bionetgen.org 
http://rulebender.org 
http://nfsim.org 
 

Objects(and(
rules( BIONETGEN(

Reac6on(
Network(

ODE(
Solver(

SSA((Gillespie)(
Output(

NFsim(

RuleBender	  GUI	  	  



!

PLA	  (τ-‐leap)	  

Links	  to	  other	  simula)on	  tools	  

BNGL	   BIONETGEN	  
Reac)on	  
Network	  

SSA	  
(Gillespie)	  

Output	  CVODE	  

RuleMonkey	  

NFsim	  

SRsim	  
pySB	  

rejec)on-‐free	  network	  free	  

Brownian	  dynamics	  +	  mol.	  structure	  

SBML	  

Matlab	  

Virtual	  Cell	   PDEs	  

MCell	  
Brownian	  
dynamics	  	  
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