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Toward whole cell modeling

Key Questions:

* What parts of cell machinery are critical to the outcome?

* What controls the cell-to-cell variability?

* Can that variability be utilized by the organism to promote survival?




Modeling cell signaling

AIM: Model the biochemical machinery by which cells
process information (and respond to it).

Representation 1 Simulation
BIONETGEN Language ODE, PDE

kappa Stochastic Simulation Algorithm
etc. Kinetic Monte Carlo

Brownian dynamics



Early events in EGFR signaling

EGF = epidermal growth factor
EGFR = epidermal growth factor receptor )

EGF
1. EGF binds EGFR ;I:

EGFR
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Early events in EGFR signaling

Grb2 pathway

EGF\ J{ )
1. EGF binds EGFR — 1

2. EGFR dimerizes Grb2
3. EGFR transphosphorylates ?

4. Grb2 binds phospho-EGFR EGFR "



Early events in EGFR signaling

Grb2 pathway

EGF\ J L y
1. EGF binds EGFR —t
2. EGFR dimerizes — Grb2 ﬁ?
3. EGFR transphosphorylates S e
4. Grb2 binds phospho-EGFR EGER " /

5. Sos binds Grb2 (Activation Path 1)



Early events in EGFR signaling

Shc pathway

EGF\ J{ )
1. EGF binds EGFR — 1

2. EGFR dimerizes — e ——

3. EGFR transphosphorylates

4. Shc binds phospho-EGFR EGFR™ Shc



Early events in EGFR signaling

Shc pathway

EGFJ L J
1. EGF binds EGFR LY GLER
2. EGFR dimerizes — e ——
3. EGFR transphosphorylates
4. Shc binds phospho-EGFR EGFR " T@th

5. EGFR transphosphorylates Shc



Early events in EGFR signaling

Shc pathway

EGF\ J )
1. EGF binds EGFR CELER NG
2. EGFR dimerizes —
3. EGFR transphosphorylates
| -(PHoOo
4. Shc binds phospho-EGFR EGFR " She  Grbo
"

5. EGFR transphosphorylates Shc
6. Grb2 binds phospho-Shc



Early events in EGFR signaling

Shc pathway

S S R

EGEUJ Ly
. EGF binds EGFR LY
EGFR dimerizes —
EGFR transphosphorylates Sos
Shc binds phospho-EGFR EGFR " hb2
EGFR transphosphorylates Shc *

Grb2 binds phospho-Shc
Sos binds Grb2 (Activation Path 2)



The next step: write down reaction network
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Kholodenko et al., J. Biol. Chem. 274, 30169 (1999)



Assumptions made:

Phosphorylation inhibits
dimer breakup

R-G

No modified monomers

> =
pdc




Assumptions made:

Phosphorylation is
simultaneous

J

Same phosphorylation
timecourses for all residues
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Assumptions made:

Adaptor binding is
competitive

g

No dimers with more than one
site modified

ZiflG;
d©I(G;




Combinatorial complexity of early events

Monomeric species 8 } 2 states: bound/unbound to ligand
O |— 4 states: un-p, p, p-Grb2, p-Grb2-Sos
O |— O states: ....
EGFR
Dimeric species % .
48 species
ecr P LY
4 O N [ O N
O=r=0

} 24 states :> N*(N+1)/2 = 300 species




Problem

To explicitly specify all species and interactions, models are based on
implicit assumptions, and thus

— Limit the number of species and interactions
— Do not allow investigation of different assumptions

Solution

Specify model by explicit assumptions, but do not explicitly
specify all species and interactions.




FORR Domain-domain interactions

Extracellule
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Experimental data

the kinetics of multiple
phosphorylation sites
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Zhang et al.,
Mol. Cell. Proteomics 4, 1240 (2005).
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Richard B. Jones et al.,
Nature 439, 168-174 (20006).



Big promise???
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Understanding at this level of detail is critical to our ability to
develop new therapies for disease



The problem: multiplicity of sites and binding
partners gives rise to combinatorial complexity

Epidermal growth factor receptor (EGFR) @

—_—

ECD
™
PTK
Y869

9 sites \ 29=512 phosphorylation states

Y915
Each site has = 1 binding partner Y944 '.>@D
\_more than 39=19,683 total states O o (pLo)
Y1110 '®
Y1125

EGFR must form dimers to become active . Y1172 @

\_more than 1.9X108 states

EGFR



Simplest situation: ligand-induced dimerization
of receptor-kinases, followed by binding of a
protein and its phosphorylation

* May ligand bind to receptor in a dimer?

* May ligand dissociate from receptor in a dimer?

* May ligand dissociate from phosphorylated monomer?

e Can ligand dissociate from phosphorylated receptor in a dimer?
 May dimer break-up when one or two ligand are present?

* Does phosphorylation requires presence of one or two ligands in a
dimer?

e Can phosphorylated dimer break-up?



Evolution of modeling

* Model variables described by mathematical
equations

* Model species and interactions described by
reaction networks - can be reduced to math
equations

* Model properties of the biological systems,
described by rules — can be reduced to reaction
networks




Principles of rule-based modeling

Based on the assumption of proteins modularity:
interactions depend on a limited set of features of
signalling molecules.

Logically consistent: it accounts for all molecular
species implied by user-specified activities, potential
modifications and interactions of the domains of
signaling molecules.

Number of parameters is equal to the number of model
features (not big!)

Parameters are well-defined: no lumping, no coupling




What do we gain

New quantitative predictions about specific domains,
complexes, and interactions, in contact with kind of
experiments biologists do (monitoring levels, knocking out
and over-expression of specific domains).

New qualitative predictions (tracing reaction sequences,
dominant molecular species).

Testing hypotheses about signalling mechanisms, e.g.
competitive versus non-competitive protein binding.

Testing effects of specific genetic manipulations, e.g.
effects of knock-outs.




Early events in Fc2 Rl signaling

Lipid
Raft




Syk activation model
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| Key variables
* ligand properties
Lo Fcc;ﬁ@ @ « protein expression levels

* multiple Lyn-FceRl interactions
* transphosphorylation
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Mol. Immunol.,2002
J. Immunol., 2003



Standard modeling protocol

1. ldentify components and interactions.

a Components b Interactions
Ligand binding Association with receptor Transphosphorylation
W W IgE dimer and aggregaticon

@] FceRl w Bﬂggﬂ% GHQ
|T»‘3~MS R t Dephosphorylation I
A
| 'Y

W ﬁ Eg(g_..{ F r o
2. Determine concentrations and rate constants

Y Jow [ §] st

‘B‘ 3 x 104 per cell :{3] 4 x 108 per cell

3. Write and solve model equations.

X=S-Vv(X)



Combinatorial complexity

States of the Model

WY

6 free
nonreceptor states E @
¥

)
48 monomer — " E? 1
states: @ ng=4 ﬂ @ @ @
Nanpny ~ 0 1 2 3
S L T
300 dimer states: * 4 4
ngny (ngny+1)/2 g‘é g‘% R

The model has 354 states




Combinatorial complexity

States of the Model

WY

6 free
nonreceptor states E @
¥

W

48 monomer — " E? 1
states: @ ng=4 ﬂ @ @ @

NefAN 0 1 2 3

o1y ~_

=0 ? ;‘? 2 E 3E 4 5 E

300 dimer states: ) ! 4 4
ngny (ngny+1)/2 R

The model has 354 states (2954 if the ligand was a trimer)




Addressing combinatorial complexity

a Components b Interactions
Ligand binding Association with receptor Transphosphonylation
w W IGE dimer and aggregation

lmMSFCEHl L "T@ ¢ z;:s%f:ﬂ% Gﬂg %Eﬁ
o éﬁ Eg a—d 4 | 4

. /
Y

354 species / 3680 reactions

e Standard approach — writing equations by hand — won’t work!
* New approach

= Write model by describing interactions.

= Automatically generate the equations.




Rule-based modeling protocol

1. Define components as structured objects and interactions as
rules.

a Components b Interactions
Ligand binding Association with receptor Transphosphorylation
W W IgE dimer and aggreganon
B FoeRl Eﬂg Eﬂ% Q
(34—»
[TAMS E L
= I Dephosphaorylation
—
W ﬁ @—»{ =5 S

2. Determine concentrations and rate constants

YY o [§] o

‘B‘ 3 x 104 per cell :2’3] 4 x 10° per cell

3. Generate and simulate the model.




Rule-based modeling protocol

1. Define components as structured objects and interactions as
rules.

Objects and d BIONETGE { Reaction P
Ules e Network

W Stochastic
N Simulator
(Gillespie)

http://bionetgen.org Faeder, Blinov, and Hlavacek, Methods Mol. Biol. (2009)



Defining Molecules

Biological Cartoon Formal Graph BIONETGEN
' Representation Description
a Components - IgE IgE(a,a)

W IgE dimer

FceRl(a,b~U~P,g2~U~P)

SYK
D Syk(tSH2,IY~U~P,aY~U~P)

Syk

tSH2 1Y ay



Biological Cartoon

Formal graph

Ligand binding

Yv :

0 o)+

g &

Transphosphorylation

representation

IgE

binding and dissociation

component state change
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Lyn
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e
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Defining Interaction Rules

BIONETGEN

Description

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

<=

FceRI

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

U - (o
U

b~P



Automatic Network Generation

FceRI Model
B8 o [00)(000] - Seed Species
FeeRILS

Reaction
Rules (19)

Reactions &




Automatic Network Generation
FceRIl Model
(0 o]

IgE

[0oJ[e00] . | ool
Lyn Syk

[OOO}

FceRl

Reaction

Rules (19)




Lily
Contact map

Rec

a b g

— Y |pY || Y [pY

Lig Lyn Syk
| | U | |SH2 tSH2 | a

Y |pY || Y |pY

* Shows molecules, components, internal states, and
binding interactions.

* Lacks clear representation of enzyme-substrate
relationships and protein substructure.



Extended contact map

.

o
Bces

~

S

 Multiple levels of
nesting to show
protein substructure.



Extended contact map

( @ 1 ¢ Multiple levels of
FceRl ]
nesting to show

{@ {[@im )I(.TIM )ﬂ protein substructure.

e Distinguish different
I ’ types of interactions
oY21g (binding vs. catalysis).
Lyn e Show sites of post-
{[Unque] sve [PWA» translational

modification.



Extended contact map

( @ . 1 ¢ Use tags to show
— T T locations of molecules.
L TAM } [(‘TAM) ((am )H * Use shading to
indicate hierarchy of
L D J molecules in signaling.
1 3| pvare 2 * Connect interactions
Lyn to rules, where
{[U"que] [SHE] [F'ﬂjf context is accounted

M for.



Extended contact map

1 3| pyaig 2’/’/’

|

o] 5]

[M]

1

2a: Phosphorylation by constitutive Lyn
Lyn(U!1l,SHZ2) .Rec(b~Y!1l) .Rec(b~Y) ->
Lyn(U!1l,SHZ2) .Rec(b~¥Y!1l) .Rec(b~pY)

2b: Phosphorylation by SH2-bound Lyn
Lyn (U,SHZ2!3) .Rec(b~pY!3) .Rec (b~Y) ->
Lyn (U,SHZ2!3) .Rec(b~pY!3) .Rec (b~p¥Y)
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Limits of GF

e Large-scale model of

T cell receptor
signaling

* Number of species
and reactions is 2 =) e
effectively infinite. 20 (o Ehh]

Hu, Chylek, and Hlavacek, in preparation.



Jim

Limits of GF

* Extending model to include

Lyn regulation results in
>20,000 states.




Agent-based simulation approach
Molocule Types: () L O3

NESIM Raaction Volume

Molecules are instantiated as
agents in well-mixed reactor.

Madchion Roles

Sneddon, Faeder & Emonet (2010) http://emonet.biology.yale.edu/nfsim/




Ligand

A

NFSIM Performance

Trivalent Ligand, Bivalent Receptor (TLBR) System
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3000 Receptors, 10,000 Ligands




NFSIM Performance

n-site phosphorylation model

eﬁ—-@a @-o
g Q-o0—- .*Eﬂ
|0 — o0

: £ A= PR

5{@'@" % @-o

LY [ | TY] o= T

10 - amiony
B o 1 bymr miamn .
[ ] ey
10 -
5 ™ ;
10 Pl
¥ - g
- B
| o s
= 5|
[ [
Ly
1 . 3 ®
k > ®
) - ‘.-.‘ .
10 F'

1 & 1 4 5§ 6 7 B 9

=

Hurilame [P sscomnds )

4
in

o

-

=1
=

'

o
o

=~
-




NFSIM Performance

FceRl signaling models
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Integration with BIONETGEN

bngl
BioNetGen
Language File

BioNetGen
XML File

BioNetGen
Network File
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Overview of inputs and outputs

NETWORK

ODE

A\ v
3IONETGE V =




Elements of a BNGL file

parameters
molecule types
seed species
reaction rules
observables
actions



A simple example:
Ligand-receptor binding




A simple example:
parameters

begin parameters
# Physical and geometric constants
NA 6.0e23 #Avogadro’s num
f 1 #scaling factor
Vo f1e-10#L
V f*3e-12 # L

# Initial concentrations
EGFO 2e-9*NA*Vo #nM
EGFRO *1.8e5 #copy per cell

# Rate constants
kp1 9.0e7/(NA*Vo) #input /M/sec
km1 0.06 #/sec

end parameters




A simple example:
parameters

Summary

Concentration units : copies per cell

* Multiply concentrations by NA*V .
 Don'’t scale first order rate constants

* Divide second order rate constants by
NA*VFXI’]

Following this recipe allows switching
between ODE and stochastic simulation
without parameter modification.




A simple example:
molecule types

begin molecule types

Vo %M@@%GF(R)
°" __.EGFR(L,CR1,Y1068~U~P)
® = end molecule types
@

EGFR—



A simple example:
seed species

<
EG RO DY begin seed species

=
@@Ma%
bl

N “TSEGF(R) EGFO
@ L EGFR(L,CR1,Y1068~U) EGFRO

-
-
mm™

end seed species




Pattern basics

Definition: A set of molecules that may be partially specified
and selects a set of species through its allowed mappings.

EGFR EGFR | © | L

Pattern EGF(R) EGFR(L)
Mapping
Species EGF(R) EGFR(L,CR1,Y1068~U) EGFR(L,CR1,Y1068~P)
L " *
EGF @ | CR1 @ | CR1
d Y1068~U ot Y1068~P

EGFR EGFR



Pattern basics

Definition: A set of molecules that may be partially specified
and selects a set of species through its allowed mappings.

EGF R EGFR | @ | L

Pattern EGF(R) EGFR(L) DON’T WRITE,
N ~_
|
Species EGF(R) EGFR(L,CR1,Y1068~U) EGFR(L,CR1,Y1068~P)
VS ) 1
EGF @ | CR1 @ | CRr1
¢ Y1068~U ® Y1068~P




A simple example:
reaction rules

EGE——
R

begin reaction rules
EGF(R) + EGFR(L) <-> EGF(R!"M).EGFR(L!1) kp1, km1

end reaction rules



A simple example:
actions

begin parameters
end parameters

begin molecule types
EGF(R)
EGFR(L,CR1,Y1068~U~P)
end molecule types

begin seed species
EGF(R) EGFO
EGFR(L,CR1,Y1068~U) EGFRO
end seed species

begin reaction rules
EGF(R) + EGFR(L) <-> EGF(R!1).EGFR(L!1) kp1, km1
end reaction rules

# actions
generate_network({overwrite=>1});

Generates network of species and reactions by iterative application of
rules starting with seed species



A simple example:
Application of the forward binding rule

Reaction rule
EGF(R) + EGFR(L) -> EGF(R!1).EGFR(L!1) kp1

Add bond

Step 1: Match patterns onto reactant species.
Step 2: Copy selected species to product side.
Step 3: Apply transformation specified by rule.



A simple example:
Application of the forward binding rule

Reaction rule
EGF(R) + EGFR(L) -> EGF(R!1).EGFR(L!1) kp1

Add bond

Step 1. Match patterns onto reactant species.

v v L 2
EGF(R) + EGFR(L,CR1,Y1068~U)



A simple example:
Application of the forward binding rule

Reaction rule
EGF(R) + EGFR(L) -> EGF(R!1).EGFR(L!1) kp1

Add bond

Step 1. Match patterns onto reactant species.
Jv v v v
EGF(R) + EGFR(L,CR1,Y1068~U)

Step 2: Copy selected species to product side.

-> EGF(R) + EGFR(L,CR1,Y1068~U)



A simple example:
Application of the forward binding rule

Reaction rule
EGF(R) + EGFR(L) -> EGF(R!1).EGFR(L!1) kp1

Add bond

Step 1. Match patterns onto reactant species.

L \ 4 \ 4 \ 4
EGF(R) + EGFR(L,CR1,Y1068~U)

Step 2: Copy selected species to product side.
-> EGF(R) + EGFR(L,CR1,Y1068~U)

Step 3: Apply transformation specified by rule.
-> EGF(R!1).EGFR(L!1,CR1,Y1068~U) kp1

New species



A simple example:
Application of the forward binding rule

Reaction rule
EGF(R) + EGFR(L) -> EGF(R!1).EGFR(L!1) kp1

* Add bond

B v v
EGF(R) + EGFR(L,CR1,Y1068~U)

-> EGF(R!1).EGFR(L!1,CR1,Y1068~U) kp1

New species

New reaction



A simple example:
Application of the reverse binding rule

Reaction rule
EGF(R!1).EGFR(L!1) -> EGF(R) + EGFR(L) km1

EGF(R!1).EGFR(L!1,CR1,Y1068~U)



A simple example:
Application of the reverse binding rule

Reaction rule
EGF(R!1).EGFR(L!1) -> EGF(R) + EGFR(L) km1
Delete bond

EGF(R!1).EGFR(L!1,CR1,Y1068~U)

-> EGF(R!1).EGFR(L!1,CR1,Y1068~U)



A simple example:
Application of the reverse binding rule

Reaction rule
EGF(R!1).EGFR(L!1) -> EGF(R) + EGFR(L) km1
Delete bond

EGF(RI1).EGFR(L!1,CR1,Y1068~U)

-> EGF(R) + EGFR(L,CR1,Y1068~U) km1

New reaction2




A simple example:
Overview of generate network

seed species EGF(R)  EGFR(L,CR1,Y1068~U)

Iteration 1:
rule1f: EGF(R) + EGFR(L) -> EGF(R!1).EGFR(L11) kp1



A simple example:
Overview of generate network

Ty

seed species EGF(R)  EGFR(L,CR1,Y1068~U)

Iteration 1:
rule1f: EGF(R) + EGFR(L) -> EGF(R!1).EGFR(L11) kp1

new reaction: EGF(R) + EGFR(L,CR1,Y1068~U) ->
EGF(R!1).EGFR(L!1,CR1,Y1068~U) kp1

new species: EGF(R!1).EGFR(L!1,CR1,Y1068~U)



A simple example:
Overview of generate network

seed species EGF(R)  EGFR(L,CR1,Y1068~U)

lteration 1:
rule1f: EGF(R) + EGFR(L) -> EGF(R!1).EGFR(L!1) kp1

new reaction: EGF(R) + EGFR(L,CR1,Y1068~U) ->
EGF(R!1).EGFR(L!1,CR1,Y1068~U) kp1

new species: EGF(R!1).EGFR(L!1,CR1,Y1068~U)

Network after Iteration 1

species reactions

1 EGF(R) 11,2 3 kp1
2 EGFR(L,CR1,Y1068~U)

3 EGF(R!"M).EGFR(L!'1,CR1,Y1068~U)



A simple example:
Overview of generate network

From iteration 1

species

1 EGF(R)

2 EGFR(L,CR1,Y1068~U)

3 EGF(R!"M).EGFR(L!'1,CR1,Y1068~U)

lteration 2:

ruler: EGF(R!1).EGFR(L1) -> EGF(R) + EGFR(L) km1

new reaction: EGF(R!1).EGFR(L!1,CR1,Y1068~U)
-> EGF(R) + EGFR(L,CR1,Y1068~U) km1

Network after Iteration 2

species reactions
1 EGF(R) 11,2 3 kp1 # ruletf
2 EGFR(L,CR1,Y1068~U) 231,2km1 #ruleir

3 EGF(R).EGFR(L!1,CR1,Y1068~U)



A simple example:
Overview of generate network

From iteration 1

species

1 EGF(R)

2 EGFR(L,CR1,Y1068~U)

3 EGF(R!"M).EGFR(L!'1,CR1,Y1068~U)

lteration 2:

rulelr: EGF(RI1).EGFR(LI1) -> EGF(R) + EGFR(L) km

new reaction: EGF(R!1).EGFR(L!1,CR1,Y1068~U)
-> EGF(R) + EGFR(L,CR1,Y1068~U) km1

Network after Iteration 2 - final

species reactions
1 EGF(R) 11,2 3 kp1 # ruletf
2 EGFR(L,CR1,Y1068~U) 231,2km1#ruleir

3 EGF(R).EGFR(L!1,CR1,Y1068~U)




Outline

Introduction / review of rule-based modeling
and simulation

Overview of a BIONETGEN model
Entering and running a simple model

Some examples



Getting the BNGEditor

* http://bionetgen.org/index.php/BNGEditor

* To get future versions, you will have to
register by sending email to
bionetgen@lanl.gov, requesting a Wiki
username and password.




ol o

.

Tasks for Simple Model

Open the BNGEditor.
Open the Simple.bngl file and review its structure.
View the contact map.

Add observables for bound ligand to the file using both Species
and Molecules observables.

Generate the network and use Result viewer to examine the .net
file.

Run a simulation using simulate_ode and examine the resulting
.cdat and .gdat files.

Run a simulation using simulate_ssa and compare results with
ode.

Run a parameter scan (make sure to comment out actions).



Syk Activation Model

“‘Extended Contact Map”

IgE dimar . .
1. Write rules for ligand-receptor
IgE | | IgE binding.
) 5 2. Write rules for ligand-induced
ET 1. aggregation.
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Chylek, Hu, and Hlavacek, in preparation.



Theoretical Estimate of Crosslinking

Constant
KR, = KC,

_ # accessible receptors in disk
volume of hemisphere

_ 478dR,
 475d?
=R, /d

1 R
K, =K /d / Yl /
K™ =Ky [(N,A) e Tl e e s
= K /(N,Ad)
B. Goldstein and C. Wofsy, Lect. Math. Life Sci.,

~ K /(NAVmem) 24,70 (1994).
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Next Steps for Syk Activation Model

Define molecule types and seed species for Lig

and Rec.

Write ru
cross-lin

. Createo

es for ligand-receptor binding and
King.

oservables for bound ligand and

receptors in dimers.
Run a simulation and plot the results.

. Make a dose-response curve and observe

interesting features.
How does K, affect overall ligand binding?



More Advanced Topics

Virtual Cell with advanced examples (Michael)
— Fluorescent labeling

— Basic chemistry example with exclude

— Actin Filaments

Network Visualization Approaches (Lily)
NFsim models (Jim)

— poly

— multisite phosphorylation
Compartmental BNGL (Jim)

— Dimerization model

— TF activation and gene regulation



