
Introduction to rule-based modeling 
with BioNetGen and RuleBender

Jim Faeder, Cihan Kaya, Sanjana Gupta, 
and Kunal Aggarwal
Department of Computational and Systems Biology
University of Pittsburgh School of Medicine

For additional information and references see 
http://bionetgen.org/index.php/Tutorials

Cell Modeling Workshop
Pittsburgh Supercomputing Center 
June 26-28, 2017

http://bionetgen.org/index.php/Tutorials

[image: image1.png]



Outline

1. Background and motivation (Jim)

2. Rule-based modeling tools and workflow (Jim)

3. Some example models (Jim)

4. CaMKII example (Cihan)

5. Model visualization (Sanjana)

6. Calibrating models to data (Sanjana)

7. Using Atomizer for model import (Kunal)



Motivation for studying Cell Decision 
Processes

Goals
• Develop predictive 

models of signaling 
networks

• Understand mechanisms 
that control outcome

• Exploit understanding to 
develop new control 
strategies for medicine 
and engineering

The Biology of Cancer (© Garland Science 2007)

• We use an approach called “rule-based modeling” (RBM) to build and 
simulate models

• BioNetGen is software for rule-based modeling that our group maintains and 
develops



Signal flow involves interactions and 
dynamics at multiple scales

The Biology of Cancer (© Garland Science 2007)

Transformed



Rule-Based Modeling: An Intermediate Level 
Abstraction for Systems Biology

Reaction Networks

Rule-Based Modeling

Molecular Dynamics
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Challenges of modeling cell regulatory networks
• Proteins are multi-functional

• Representing their known interactions requires 
handling of combinatorial complexity

multiple sites of binding

multiple sites of posttranslational modification

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

Small number of rules



Combinatorial complexity in a realistic 
model of EGFR signaling

ErbB1:ErbB1 has > 5.5x1010 states

ErbB3:ErbB1 has > 3.8x109 states

Creamer et al. (2012) BMC Syst. Biol. [TGen group]

Such models can be built from a 
manageable number of rules – 10’s to 
100’s



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 interactions of molecules

LYN(SH2) + FceRI(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

“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)]*[FceRI(bY_218~P)]

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



Basic RBM Workflow with BioNetGen

Rule-based models can be simulated using many different 
approaches

Molecules and interactions

Simulation 
output

Indirect methods

Direct methods
10



“Network-based” vs. “network-free”

BioNetGen language file

E.g., ODE solver or 
Gillespie’s direct 
method

Kinetic Monte Carlo 
using rules as event 
generators

Can hit 
combinatorial 
bottenecks

Avoids 
combinatorial 
bottlenecks



Basic RBM Workflow with BioNetGen -
NFsim

Network-free simulation enables scalable simulation as 
network size increases

IgE receptor 
signaling 
network

Sneddon et al. (2011) Nat. Methods

Network size
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Closed-loop systems biology



BioNetGen and associated modeling tools

Harris, Hogg, et al. (2016) Bioinformatics, 32 (21): 3366-3368.



Growing number of applications
Models page at bionetgen.org currently lists > 40 papers



Software tools that 
integrateBioNetGen/NFsim

• PySB - INDRA
• BioNetFit
• SBML Multi
• Virtual Cell
• SRsim
• BioUML
• Parts&Pools
• …

VCell interface highlighting rule-based modeling capability
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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
– Well-mixed / compartmental / spatial

• Structures and rules are reusable
– Rule libraries

• Compact visual representation
– Contact map and beyond

Contact map



Development of network-free MCell

MCell

Jose Juan TapiaBeyond a well-mixed cell….



Atomizer can recover implicit 
molecular structure reaction networks

Tapia and Faeder (2013) Proc. ACM-BCB.

1. Reaction 
stoichiometry

2. Naming 
conventions

3. Annotation



Automating structure recovery 

“Atomization”

Motivation
• Find molecules and interactions used to build 

model
• Find out what has been modeled?
• Find the implicit assumptions
• Automate study of relaxing model assumptions



Visualizing rule-based models

Autophagy network

Szymanska et al. (2015), PLOS One

Rule-based model
Rules are code!

R1: rapa(mtor)+MTOR(HEAT,FRB)<->rapa(mtor!1).MTOR(HEAT,FRB!1) a1,d1
R2: MTOR(HEAT,FRB)+RPTOR(WD40)<->MTOR(HEAT!1,FRB).RPTOR(WD40!1) a2,d2
R3a: RPTOR(RNC,ulk1,S792~O,S855_S859~O)+ULK1(straptor) ->RPTOR(RNC,ulk1!1,S792~O,S855_S859~O).ULK1(straptor!1) a3
R3b: RPTOR(ulk1!1).ULK1(straptor!1)->RPTOR(ulk1)+ULK1(straptor)  d3
R3c: RPTOR(ulk1!1,S792~P,S855_S859~PP).ULK1(straptor!1)->RPTOR(ulk1,S792~P,S855_S859~PP)+ULK1(straptor)  d3max
R4a: RPTOR(RNC,ulk1,S792~O,S855_S859~O)+EIF4EBP1(RCR,S65_T70~O)-
>RPTOR(RNC!1,ulk1,S792~O,S855_S859~O).EIF4EBP1(RCR!1,S65_T70~O) a4
R4b: RPTOR(RNC!1).EIF4EBP1(RCR!1)->RPTOR(RNC)+EIF4EBP1(RCR) d4
R5a: AMPK(ulk1,T172~P)+ULK1(stampk,S758~O)->AMPK(ulk1!1,T172~P).ULK1(stampk!1,S758~O) a5
R5b: AMPK(ulk1!1).ULK1(stampk!1)->AMPK(ulk1)+ULK1(stampk) d5
R6: MTOR(HEAT!1).RPTOR(WD40!1,ulk1!2).ULK1(straptor!2,stampk,S758~O)-
>MTOR(HEAT!1).RPTOR(WD40!1,ulk1!2).ULK1(straptor!2,stampk,S758~P) p1
R7: MTOR(HEAT!1).RPTOR(WD40!1,RNC!2).EIF4EBP1(RCR!2,S65_T70~O)-
>MTOR(HEAT!1).RPTOR(WD40!1,RNC!2).EIF4EBP1(RCR!2,S65_T70~P) p2
R8a: RPTOR(ulk1!1,S792~O).ULK1(straptor!1,S317~P,S778~P)->RPTOR(ulk1!1,S792~P).ULK1(straptor!1,S317~P,S778~P) p3
R8b: RPTOR(ulk1!1,S855_S859~O).ULK1(straptor!1,S317~P,S778~P)->RPTOR(ulk1!1,S855_S859~P).ULK1(straptor!1,S317~P,S778~P) 2*p4
R8c: RPTOR(ulk1!1,S855_S859~P).ULK1(straptor!1,S317~P,S778~P)->RPTOR(ulk1!1,S855_S859~PP).ULK1(straptor!1,S317~P,S778~P) p4
R9: ULK1(straptor,S317~P,S778~P)+AMBRA1(ST~O)->ULK1(straptor,S317~P,S778~P)+AMBRA1(ST~P) p5
R10: ULK1(straptor,S317~P,S778~P)+AMPK(ST~O)->ULK1(straptor,S317~P,S778~P)+AMPK(ST~P) p6
R11a: AMPK(ulk1!1,T172~P,ST~O).ULK1(stampk!1,straptor,S317~O)->AMPK(ulk1!1,T172~P,ST~O).ULK1(stampk!1,straptor,S317~P) p7
R12: AMPK(T172~P)+RPTOR(S792~O)->AMPK(T172~P)+RPTOR(S792~P) p9
R13a: ULK1(S758~P)->ULK1(S758~O) u0
R13b: EIF4EBP1(S65_T70~P)->EIF4EBP1(S65_T70~O) u0
R13c: RPTOR(S792~P)->RPTOR(S792~O) u1
R13d: RPTOR(S855_S859~P)->RPTOR(S855_S859~O) u0
R13e: RPTOR(S855_S859~PP)->RPTOR(S855_S859~P) 2*u0
R13f: AMBRA1(ST~P)->AMBRA1(ST~O) u0
R13g: AMPK(ST~P)->AMPK(ST~O) u2
R13h: ULK1(straptor,S317~P)->ULK1(straptor,S317~O) u0
R13i: ULK1(S778~P)->ULK1(S778~O) u0
R13j: RPTOR(S792~P)->RPTOR(S792~O) u0

John Sekar
Jose Juan Tapia

Why rule visualization is essential
1. Debugging
2. Model reuse / sharing
3. Communicating with 

collaborators
4. Model comparison
5. Model integration



Automated rule visualization

R3a: RPTOR(RNC,ulk1,S792~O,S855_S859~O) + ULK1(straptor) -> \
RPTOR(RNC,ulk1!1,S792~O,S855_S859~O).ULK1(straptor!1) a3

Compact rule visualization Regulatory graph



Model Calibration with Bayesian Parameter Estimation

Experimental 
Data

BioNetGen 
Model

Best fit parameter 
ensembles

“Affinity maturation on 
parameters to get best 
fitting models.”



A quick RuleBender demo

• To download RuleBender go to 
http://bionetgen.org/Download

• To find files for this and many other examples, 
go http://bionetgen.org/Tutorials

http://bionetgen.org/Download
http://bionetgen.org/Tutorials
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