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What is Rule-based Modeling (RBM)?

Molecules are modeled as structured objects

o TSR s g LYN(SH3,512,kin,¥397~0~P,Y508~0~P)
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Protein tyrosine phosphatases function
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FceRl: High-affinity IgE receptor

é FceRI(a Ig,b Y218-0~P,g ITAM-0~P)




What is Rule-based Modeling (RBM)?

Rules define the interactions of molecules

B

“Lyn SH2 domain binds to phosphorylated Tyr 218 on the B subunit of FceRI”

% Reactants Products Rate Law
1 1 ||

LYN(SH2) + Rec(bY 218~P) <-> LYN(SH2!1).FceRI(bY 218~P!1) kpL, kmL

bond
Center — elements modified by the action of the rule

Context — elements required for reaction to occur but not modified
“Don’t write don’t care” — elements not mentioned may be in any state

=» One rule can generate reactions involving many different species
Reaction rate determined by Mass Action kinetics
rate forward = kpL*[Lyn (SH2)]*[Rec (bY 218~P)]



Why was RBM developed?

* Proteins are multi-functional

LYN

multiple sites of posttranslational modification

:—H:‘

Btk PH [ TH I~ SH3 H SH2 | multiple sites of binding
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* Representing their known interactions requires

handling of combinatorial complexity

a Components b Interactions

Transphosphorylation
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Small number of rules
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The model has 354 states (2954 if the ligand was a trimer)

300 dimer states:

npny (npny+1)/2

Small number of components and interactions =»huge number of possible species and reactions



Combinatorial Complexity in
Biochemical Interactions

Contact Map for Enumeration of receptor-containing species
molecules involved in

EGFR signaling

@ monomers
Nr =2 x4 x6 =48
, i

dimers
0 N Nir = Nr(Ngr +1)/2 = 1176




Why use RBM?

Concise and precise representation of
biochemical knowledge

— rules are simple (less context) when interactions are
modular

Flexible with respect to simulation method
— Deterministic / stochastic o
— Well-mixed / compartmental / spatial

Structures and rules are reusable
— Rule libraries

Compact visual representation tyn oy
— Contact map and beyond (=2

La

Contact map



Model Comparison

Generated by MOSBIE, a model exploration system within RuleBender
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Some Rule-Based Modeling Tools

BioNetGen & relatives
— RuleBender

— NFsim

— BioNetGen@VirtualCell
Kappa & relatives

Simmune

pySB
SBML Level 3 Multi



Rule-Based Modeling protocol

1. Identify components and interactions
a Components b Interactions

Ligand binding ~ Association with receptor
W IgE dimer and aggregation
i ] el

I FocRi w S BﬂﬁBG q«»
mavs By LN
{72,

Dephosphorylation

! Y
SYKb : Eg ed—q

2. Translate into objects (molecules) and rules

a Components

w IgE dimer

[ FeeR TgE(a,a)

= S™ToN FceRI(a,b~U~P,g2~U~P)
TAMs |g Lyn(U,SH2)

Syk(tSH2,1Y~U~P,aY~U~P)
SYKD

Transphosphorylation

Transphosphorylation

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

4 x 105 per cell

3. Determine concentrations and rate constants hﬁmw E}
[ ] sx10tpercel | % | 4x108 percel

4. Simulate and analyze the model



SPECIFYING A RULE-BASED MODEL



Defining Molecules

Molecules are the basic objects in a
BNG model

WIQE dimer
IgE(a,a)

o] FceR! — :> FceRI(a,b~U~P,g2~U~P)
TS IB Lyn (U, SH2)

2) Syk(tSH2,1Y~U~P,aY~U~P)

SYK D

BIONETGEN Language

Components represent molecule elements
* Domains

* Motifs

* Properties



Defining Molecules

Molecules are the basic objects in a
BNG model

WIQE dimer
IgE(a,a)

FceRl B :> FceRI(a,b~U~P,g2~U~P)
rrAMs-[B Lyn(U,SH2)

2 Syk (tSH2,1Y~U~P,aY~U~P)

SYK D

BIONETGEN Language

Components may have different states
representing

* posttranslational modifications

e conformational state



Binding

Molecules bind other molecules
through components

FceRl

IgE dimer

ITAMs-[

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

112

SYK D

p

S JLYN

BIONETGEN Language

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

Bonds are formed by linking two
components. The ‘.’ indicates a set of
molecules forming a complex.

Components may have both states and
bonds.

Lyn(SH2!1,Cterm~P!1) Bonds may occur within a molecule.



Defining Interaction Rules

Ligand binding BIONETGEN Language
and aggregation

w ﬁ IgE(a,a)+ FceRI(a)<-> IgE(a,al!l).FceRI(a!l)

binding and dissociation
Transphosphorylation

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

component state change




Parts of a rule

Reactants Arrow Products Rate Law
| l |
[ [ [ [

IgE(a,a)+ FceRI(a)<-> IgE(a,a!l).FceRI(a!l) kpl, kml




Parts of a rule

Reactants Arrow Products Rate Law

| | I l I j I

IgE(a,a)+ FceRI(a)<-> IgE(a,a!l).FceRI(a!l) kpl, kml

IgE(a,a) FceRI(a,b~U,g~U)

Reactant patterns
select properties of
each reactant
molecule.



Parts of a rule

Reactants Arrow Products Rate Law
| l I
|

I I I
IgE(a,a)+ FceRI(a)<-> IgE(a,a!l).FceRI(a!l) kpl, kml

IgE(a,a) FceRI(a,b~U,g~U) | States of components not
specified don’t affect the

FceRI(a,b~P,g~U) | match.

“Don’t write, don’t care.”

Reactant patterns
select properties of
each reactant
molecule.



Parts of a rule

Reactants Arrow Products Rate Law

| | I ‘1/ I j I

IgE(a,a)+ FceRI(a)<-> IgE(a,a!l).FceRI(a!l) kpl, kml

IgE(a,a)+ FceRI|(a,b~U,g~U)<-> 1gE(a,a!l).FceRI(a!l,b~U,g~U) Kpl, kml

IgE(a,a)+ FceRI(a,b~P,g~U)<-> 1gE(a,a!l).FcerI(a!l,b~P,g~U) Kpl, kml

Reactant patterns Because patterns can match
select properties of many different species,
each reactant each rule can generate
molecule. many reactions.




Center and context

The center of a rule is the part that the rule

changes. bond is formed

IgE(a,a)+ FceRI(a)<-> IgE(a,a!l).FceRI(a!l) kpl, kml

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



Center and context

The center of a rule is the part that the rule

changes. bond is formed

IgE(a,a)+ FceRI(a)<-> IgE(a,a!l).FceRI(a!l) kpl, kml

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

Transphosphorylation Context can represent complex component state is

biochemistry. changed

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



Composition of a Rule-Based Model

a Components b Interactions
Ligand binding ssociation with receptor Transphosphorylation
’W‘ ’W‘ IgE dimer and aggregation

L@ | FceRl
vy | LI

> S G %ﬁ
ﬂ HQH
B

SYK D - ed—q

Molecules Reaction Rules BioNetGen language
begin molecules begin reaction_rules

Lig(l,1) # Ligand-receptor binding

Lyn (U, SH2) 1 Rec(a) + Lig(l,l) <-> Rec(a!l).Lig(1l!1,1) kpl, kml
Syk(tSH2,1~U~P,a~U~P) Rec(a) + Lig(l,1l) <-> Rec(a!l).Lig(1l!1,1) kpl, kml
Rec(a,b~U~P,g~U~P)

end molecules # Receptor-aggregation

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

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




Methods for simulating RBMs

Network
Generation

Reaction
Network

Reaction
Network
Simulator

Model
Specification

Configuration
Generation

Reaction Rules

A-B binding Reaction Volume

A Reactants

B Reactants

A-B unbinding M_?Iecule

A-B Reactants ypes
A-C binding Bl

A Reactants

C Reactants .

NFsim



Indirect Methods — Network

® 50

contact map

reaction rules
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Direct Methods (NFsim)

reaction rules
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RuleBender

An eclipse RCP application rulebender.org

-
raf (D Simulation [ Results
2 —

_ N
‘Eg: #Dephosphorylayion
egfr(Y1068~pY) -> egfr(Y1068~Y) km3 m
egfr(Y1148~pY) -> egfr(Y1148~Y) km3
# Shc transphosph
egfr(r!12,Y1148~pY!11).Shc(PTB!1,Y317~Y) -> egfr(r!2,Y1148~pY!1).Shc(
Shc(PTB!1,Y317~pY) -> Shc(PTB!1,Y317~Y) kml4d
# Y1068 activity
egfr(Y1068~pY) + Grb2(SH2,SH3) <-> egfr(Y1068~pY!1).Grb2(SH211,SH:
egfr(Y1068~pY) + Grb2(SH2,SH3!2) <-> egfr(Y1068~pY!1).Grb2(SH211,SH?
egfr(Y1068~pY!11).Grb2(SH211,SH3) + Sos(dom) <-> egfr(Y1068~pY!1).Grt
# Y1148 activity
egfr(Y1148~pY) + Shc(PTB,Y317~Y) <-> egFr(Y1148~pY!1).Shc(PTB!1,‘\; %ﬁ
egfr(Y1148~pY) + Shc(PTB,Y317~pY) <-> egfr(Y1148~pY!1).Shc(PTB!1," -
I - -~ SH211.SH3)  <-» \ o jym|® =~ = =
W el =] Properties |E|_;=,:> ) 8
51 problems = [ || Property Value
¥ Details
1 error, 0 warnings, O others R oath — [T l Rule Expression egfr(Y1068~pY) + Grb2(SH2,SH3) <->
_ esource | al cation ype Rule Label Rulell
VmErrors (1 item) - -
mrule parameter_def failed pre... egfr_net.bngl /EGFR line 17 BNGL Error g - - - »<

J Y




Basic RBM workflow with BioNetGen

A
Objects and Reaction

—
rules BIONETGEN Network

SSA (Gillespie)

http://bionetgen.org
http://rulebender.org
http://nfsim.org
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0y
(22 et econat 5 -0)@ =g plasma — i b
5 =
= o \
- #Dephosphorylayion membl’ane c !
gfr(Y1068~pY) -> egfr(Y1068~Y) km3 o \ [} |
egfr(Y1148~pY) -> egfr(Y1148~Y) km3 egfr E - !
i3
# Shc transphosph — .'
i c—
egfr(r12,Y1148-pY11).Shc(PTBI1,Y317-Y) -> egfr(r!2,Y1148~pY!1).Shc( = _She - 4 I
Shc(PTBI1,Y317~pY) -> Shc(PTBIL,Y317-Y) kml4 [ : o) S 1l
B o
s A TK Grb2 o)
activity e
gfr(Y1068~pY) + Grb2(SH2,SH3)  <-> egfr(Y1068~pY!1).Grb2(SH2!1,SH: Grb. v — 2 o
gfr(Y1068~pY) + Grb2(SH2,SH312) <-> egfr(Y1068~pY!1).Grb2(SH2!1,SH: Ehy
gfr(Y1068~pY11).Grb2(SH2!1,5H3) + Sos(dom) <-> egfr(Y1068~pY!1).Gr P P (V)] T
L./ "Nl Bl A Y o B e P ————
# Y1148 activity i | (== o] 0
3 ' ’ ' L A
€gfr(Y1148-pY) + Shc(PTB,Y317-Y)  <-> egfr(Y1148~pY11).Shc(PTBIL, VY Eg Sos
gfr(Y1148~pY) + Shc(PTB,Y317~pY)  <-> egfr(Y1148~pY!11).Shc(PTBIL,\" 2 0 50 1 00
s = ~ SH211.SH3) _<-> \ | = Cne
Dl =] Properties @ oY =0O
T Problems = )| Propenty Value A '
1 error, 0 warnings, 0 othe AL Tlme S
SR = Rule Expression  egfr(Y1068~pY) + Grb2(SH2,5H3) <->
(Description A Path [Location Type ] Rule Label Rulell
¥ mErrors (L item)
®rule parameter_def failed pre... egfr_net.bngl  /EGFR line 17 BNGL Error <
J ,




Links to other simulation tools

BNGL

P
pySB

SBML J

Matlab J

e —
Virtual Cell PDEs

B —

PLA (t-leap)

Brownian
| dynamics

RuleMonkey

SRsim

e

rejection-free network free

Brownian dynamics + mol. structure
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