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BioNetGen and BioNetGen 
Language (BNGL)



A site-based formulation of chemical kinetics

Molecular Dynamics (MD) Chemical Kinetics

i
j

mÝ Ý x i = F( xi − x j )

… …

… …

Molecule A

Molecule B
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Protein A

Protein B
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pA (t, t + ∆t) = pi reacts with j ( xi − x j )

Force between i and j Reaction probability 
between i and j



BioNetGen provides explicit representation of 
molecular components and interactions
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BioNetGen provides explicit representation of 
molecular components and interactions
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Advantages of BNGL

• Enables construction of precise and flexible models

• Common format can be created and processed by 
multiple applications

• Forms basis for our proposal to extend SBML, already a 
common exchange format used by modelers

• Rules can be embedded in databases, wiki’s, and papers

• Molecules and rules are reusable

• Molecule and rule definition could be automated using 
databases of protein-protein interactions as a source

Hlavacek et al. (2006) Science STKE, 2006, re6.



BioNetGen2:  Software for graphical rule-based 
modeling

Reaction network

Differential Equations (ODEÕs) Stochastic Simulation (SSA)

Timecourse of Observables

Rule Evaluation

BNGL file

RuleBuilder (optional)

Rules are applied
iteratively.

SBML
file

 

Graphical interface for 
composing rules

Text-based language

Simulation engine

http://bionetgen.lanl.gov
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‘on-the-fly’



The BioNetGen Website bionetgen.lanl.gov

BioNetGen is free, 
open-source
software.

Step 1:  Register to get username and 
password.



BioNetWiki



BioNetWiki

Step 2:  Click on Download and then 
Installation Guide



Installation Guide

Under Linux and 
Mac, BNG is ready to 
run after the 
distribution is 
downloaded and 
unzipped.

Windows installation 
may require 
download and 
installation of Perl.



Two interfaces to BNG

Terminal interface 
(text-based input)

RuleBuilder GUI



A Third Way - Virtual Cell Interface

BioNetGen@Vcell (http://www.vcell.org/bionetgen)



Live BioNetGen Demo



Software overview

Reaction network

Differential Equations (ODEÕs) Stochastic Simulation (SSA)

Timecourse of Observables

Rule Evaluation

BNGL file

RuleBuilder (optional)

Rules are applied
iteratively.

SBML
file

 

GUI

BNG2.pl

model.bngl

model.net

model.cdat
model.gdat



Signaling proteins and their complexes are 
represented as Graphs

A multi-subunit receptor

Fc RI
The high affinity
receptor for IgE

~Y
~pY

~Y
~pY

Molecule

Components

Component states



A kinase
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A molecular complex

Fc RI

Syk

L~U
A~P

tSH2

~U~P

Lig

Fc RI

~U ~P



Patterns select groups of chemical species

A pattern that selects a receptor
with free ligand binding site

Fc RI
Unspecified 
components 
may be in any 
binding or 
internal state.

Fc RI

Syk

L~U
A~P

tSH2

~U~P

Fc RI

~U~U

Fc RI

~U~P

...

List of selected species 

List contains 24 species
for 354 state model.



Another pattern example

A pattern that selects a receptor
with bound ligand site

Fc RI

Syk

L~U
A~P

tSH2

~U~P

Lig

...

...

Fc RI

List of selected species 

Fc RI

~U~P

Lig

Fc RI

~U~U

Lig

Fc RI

~U ~P This species is 
selected twice becuase
it contains two Fc RI
molecules that match
the pattern. 

List contains 324 species
for 354 state model.

Filled circle 
indicates that 
component has 
one or more 
unspecified 
bonds.



Reaction rules generate species and reactions

Ligand binding (48 reactions)

Example

Fc RI

+ Lig
k+Lig

k Lig

Fc RI
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+ Lig
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k Lig Fc RI
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Rule



Another rule example

Syk transphosphorylation (64 reactions)

pSS

Syk

L~U
A~U

tSH2

~P

Syk

L~U
A~U

tSH2

~P

Syk

L~U
A~U

tSH2

~P

Syk

L~U
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tSH2

~P

Green = Enzyme Red = Substrate

Connectivity of receptors is suppressed



Multiplicity example

What is the multiplicity (prefactor) for the 
transphosphorylation rule applied to this complex?

~U~P

Lig

~U ~P

L~U
A~U

tSH2

L~U
A~U

tSH2



Multiplicity example

What is the multiplicity (prefactor) for the 
transphosphorylation rule applied to this complex?

~U~P

Lig

~U ~P

L~U
A~U

tSH2

L~U
A~U

tSH22



Observables define model outputs

Phosphorylated  subunit (246 species)

Activated Syk (180 species)

Fc RI

~P

Syk
A~P

tSH2

Binding state 
unspecified

Must be 
bound to 
receptor
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How to write a model in BNGL 

Following along in example1.bngl



Structure of the BNGL file

begin parameters
end parameters

begin molecule types
end molecule types

begin species
end species

begin reaction rules
end reaction rules

begin observables
end observables

command1
…

Define named 
variables.
Define molecular 
types.
Define initial species 
and concentrations.

Define reaction types.

Define observables.

Generate, equilibrate, 
and simulate network.

file.bngl



Defining parameters

[index] parameter_name parameter_value

begin parameters
1 R0   1
2 kp1  0.5
3 km1  0.1
4 kp2  1e-3
5 km2  0.1
6 p1  10
7 d1   5
8 kpA 1-e4
9 kmA 0.02

end parameters



Tips on Units

Consistent use of units in BNG is the user’s 
responsibility.  Any consistent set will work, but for 
switching between ODE and stochastic simulation 
methods, number per cell is the most convenient.

To get parameters in these units:

Concentrations:  Multiply by Na×V, where V is 1/ρcell
for extracellular ligands, Vcell for other components.

Uni-molecular rate constants: No conversion.

Bi-molecular rate constants:  Divide by Na×V, 
where V is 1/ρcell extracellular ligand binding, Vcell
reactions involving 1 or more cytoplasmic proteins, 
and χVcell for reactions occurring in the plasma 
membrane.



Defining molecules

The molecule types block is optional, but is always 
generated by the program (.NET file)

R(l,d,Y~U~P)

Molecule(comp1~s1~s2,…)

Components represent domains of proteins.  May be 
binding sites, have conformational states, or both.



Defining initial species

Key points
1. No spaces in species strings
2. States for components that take states
3. Initial concentration may be number or parameter

[index] species_string[initial conc.]

defaults to 0
begin species
1  L(r)       L0
2  R(l,d,Y~U) R0
3  A(SH2)     A0

end species



Bonds and complexes

Bonds are indicated by edges in the species graph.
Bonds are indicated by an !<number>, where <number>
is the index of the bond.

L(r!1).R(l!1,d,Y~U)

‘.’ used to join molecules

bond

Note: bond index is used only to identify bond 
endpoints.  All bonds are otherwise equivalent.



A more complex example

L(r!1).R(l!1,d!3,Y~U).L(r!2).R(l!2,d!3,Y~P)

1

3

2



Mixing states and edges

R(l,d,Y~P!1).A(SH2!1)



Patterns

Definition.  A pattern is a graph in which some elements 
may be unspecified or may represent a range of values.

Patterns are used to select sets of species with common 
attributes on which to perform operations.

R(Y~P!?) ‘?’ indicates that bonding 
state is unspecified

Examples of matches
R(l,d,Y~P)
L(r!1).R(l!1,d,Y~P)
R(l,d,Y~P!1).A(SH2!1)
R(l,d!1,Y~P).R(l,d!1,Y~P)
R(l,d!1,Y~P).R(l,d!1,Y~P)

Two matches for 
same species



Pattern conventions

1. Any unspecified component may take on any 
internal or binding state.  In R(Y~P!?)both l and r 
are unspecified.

2. If a component is specified without an internal 
state, it may take on any internal state.

3. There are two edge wildcards:

!?means may or may not be bound

!+means one or more additional bonds must be 
present



Reaction rules

Reaction rules consist of reactant and product 
patterns that are used to specify a transformation

reac_1 + … + reac_M -> prod_1 + … + prod_N k_f

reac_1 + … + reac_M <-> prod_1 + … + prod_N k_f, k_r

L(r) + R(l,d) <-> L(r!1).R(l!1,d) kp1, km1



Application of the reaction rule

L(r)+ R(l,d,Y~U) -> L(r!1).R(l!1,d,Y~U) kp1
L(r)+ R(l,d,Y~P) -> L(r!1).R(l!1,d,Y~P) kp1
L(r)+ R(l,d,Y~P!1).A(SH2!1) -> \

L(r!2).R(l!2,d,Y~P!1).A(SH2!1) kp1

L(r)+ R(l,d) <-> L(r!1).R(l!1,d) kp1, km1

Forward

L(r!1).R(l!1,d,Y~U) -> L(r)+ R(l,d,Y~U) km1

Reverse



Observables

Definition. An observable is the sum of 
concentrations over a set of species selected by one or 
more patterns. 

[type of observable] <observable name> patt1, …, patt_N

Rdim R(d!+)

Rphos R(Y~P!?)

Selects receptors with dimerization
domain bound

Selects receptors with 
phosphorylated tyrosine



A toy model

Ligand
binding

Receptor
aggregation

Receptor
trans-
phosphorylation

Adaptor binding and transphosphorylation

Note: This is 
a schematic, 
not the actual 
reaction rules



Parameters

begin parameters
1 L0   200 # Number of ligand molecules
2 R0   200 # Number of receptor molecules
3 A0   50 # Number of adaptor molecules
4 kp1  0.01 # Ligand-receptor association
5 km1  1 # Ligand-receptor dissociation
6 kp2  1 # Dimer formation
7 km2  1 # Dimer dissociation
8 p1  10 # Receptor transphosphorylation
9 d1   5 # Receptor dephosphorylation
10 kpA 0.1 # Adaptor-receptor association
11 kmA 0.1 # Adaptor-receptor dissociation
12 p2   10 # Adaptor transphosphorylation
13 d2    5 # Adaptor dephosphorylation
end parameters



Molecules and Species

begin species
1  L(r)       L0
2  R(l,d,Y~U) R0
3  A(SH2,Y~U) A0

end species



Observables

begin observables
Molecules R_dim R(d!+)
Molecules R_phos R(Y~P!?)
Molecules A_R    A(SH2!1).R(Y~P!1)
Molecules A_phos A(Y~P!?)

end observables

Molecules keyword indicates that each species 
concentration is multiplied by the number of matches.

Species keyword indicates that concentration of each
species is only added once.



Reaction Rules

begin reaction rules
# Ligand-receptor binding
1  L(r) + R(l,d) <-> L(r!1).R(l!1,d) kp1, km1
# Receptor aggregation
2  R(l!+,d) + R(l!+,d) <-> \

R(l!+,d!2).R(l!+,d!2) kp2, km2
# Receptor transphosphorylation
3  R(d!+,Y~U) -> R(d!+,Y~P) p1
# Receptor dephosphorylation
4  R(Y~P) -> R(Y~U) d1
# Adaptor association
5  R(Y~P) + A(SH2) <-> R(Y~P!1).A(SH2!1) kpA, kmA
# Adaptor transphosphorylation
6  A(Y~U).A() -> A(Y~P).A() p2
# Adaptor dephosphorylation
7  A(Y~P) -> A(Y~U) d2

end reaction rules



Example of symmetric reaction

# Receptor aggregation
2  R(l!+,d) + R(l!+,d) <-> \

R(l!+,d!2).R(l!+,d!2) kp2, km2

Symmetry of reactant R molecules is preserved under this 
transformation.  Rate constants are multiplied by factor of 1/2 
to give correct rate, assuming kp2 and km2 are for single 
bond.



Commands

generate_network({overwrite=>1});
Apply reaction rules iteratively to generate
species and reactions.

writeSBML();
Write reaction network to SBML Level 2 file.

simulate_ode({t_end=>5,n_steps=>50});
Solve ODE’s to obtain time course for species concentrations
and observables.

See tutorial file for more details on command parameters.



Output

BioNetGen version 2.0.19+
Reading from file example1.bngl
Read 13 parameters.
Read 3 species.
Read 4 observable(s).
Adding P as allowed state of component Y of molecule R
Adding P as allowed state of component Y of molecule A
Read 7 reaction rule(s).
WARNING: Removing old network file example1.net.
Iteration   0:     3 species      0 rxns 0.00e+00 CPU s 0.00e+00 (4.01e+00) Mb real (virtual) memory.
Iteration   1:     4 species      1 rxns 2.00e-02 CPU s 4.03e+00 (2.94e+01) Mb real (virtual) memory.
Iteration   2:     5 species      3 rxns 1.00e-02 CPU s 4.04e+00 (2.94e+01) Mb real (virtual) memory.
Iteration   3:     6 species      5 rxns 4.00e-02 CPU s 4.06e+00 (2.94e+01) Mb real (virtual) memory.
Iteration   4:     9 species      9 rxns 5.00e-02 CPU s 4.09e+00 (2.94e+01) Mb real (virtual) memory.
Iteration   5:    12 species     20 rxns 1.10e-01 CPU s 4.14e+00 (2.94e+01) Mb real (virtual) memory.
Iteration   6:    14 species     32 rxns 1.10e-01 CPU s 4.17e+00 (2.94e+01) Mb real (virtual) memory.
Iteration   7:    15 species     37 rxns 8.00e-02 CPU s 4.19e+00 (2.94e+01) Mb real (virtual) memory.
Iteration   8:    19 species     42 rxns 8.00e-02 CPU s 4.24e+00 (2.94e+01) Mb real (virtual) memory.
Iteration   9:    21 species     64 rxns 2.30e-01 CPU s 4.28e+00 (2.94e+01) Mb real (virtual) memory.
Iteration  10:    21 species     71 rxns 6.00e-02 CPU s 4.28e+00 (2.94e+01) Mb real (virtual) memory.

Toy network has 21 species and 71 reactions.



Simulation Results



Adaptor phosphorylation exhibits transient 
peak



Stochastic simulation using Gillespie algorithm

simulate_ssa({t_end=>5,n_steps=>50});

Use simulate_ssa instead of simulate_ode



Results of Stochastic Simulation



Suggested exercise

“Complexify” your favorite signaling model!



Suggested exercise

“Complexify” your favorite signaling model!



Key Areas for BioNetGen Development

• Compartments

• Network generation efficiency

• Network simulation efficiency
– Particle-based methods

• Spatial simulation capabilities
– Vcell
– Particle-based stochastic methods

• Parameter estimation
– Scanning and fitting
– Sensitivity / Uncertainty analysis

• Collaborative modeling using wiki servers and BNGL elements



Models
(BNGL)

Event generator
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