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Biomedical Technology Research Center (BTRC) 

High	  Performance	  Compu2ng	  	  
for	  	  

Mul2scale	  Modeling	  of	  Biological	  Systems 
	  
Overarching	  biological	  theme:	  

	  
"  	  	  Spa2al	  organiza2on	  
"  	  	  Temporal	  evolu2on	  	  

	  

of	  (neuro)signaling	  systems/events	  
	  

Salk	  

CMU	  

PITT	  

PSC	  



From	  small	  molecules,	  to	  mul2meric	  assemblies,	  
13

nm
 

to	  cellular	  architecture,	  

to	  neural	  circuits	  

From SSEM images, 400 x 400 x 50 µm3  

from 6 x 6 x 5 µm3 sample of adult rat 
hippocampal stratum radiatum neuropil  



Role of MCell in the BTRC 

7	  



DBP2	  

Comparison	  of	  MCell	  with	  other	  tools	  for	  spaAal	  
modeling	  of	  biological	  systems	  
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Motivating example for Rule-Based 
Modeling 

Molecular	  machines	  in	  the	  PSD	  
	  
Es2mated	  number	  of	  states	  of	  
CAMKII-‐CaM	  complexes:	  

4012	  
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Standard	  modeling	  protocol	  
1.	  	  IdenAfy	  components	  and	  interacAons.	  

2.	  	  Write	  model	  reacAons	  /	  equaAons	  

� 

˙ x = S ⋅ v(x)
3.	  Determine	  concentra2ons	  and	  rate	  constants	  
4.	  Simulate	  and	  analyze	  the	  model	  

ODE’s	   PDE’s	  SSA	   BD	  

ReacAon	  
Network	  



ReacAons	  to	  DifferenAal	  EquaAons	  

R + L k1⎯ →⎯ RL
Consider	  the	  reacAon	  	  

The	  reacAon	  rate	  is	  given	  by	  	  

ν1 = k1R ⋅Lk
2

Rate	  of	  change	  of	  species	  concentraAons	  (numbers)	  are	  

dR
dt

= −ν1 +

dL
dt

= −ν1 +

dRL
dt

= +ν1 +

Here	  I	  have	  indicated	  
that	  there	  may	  be	  
addiAonal	  terms	  from	  
other	  reacAons	  in	  the	  
network.	  	  ReacAon	  
fluxes	  combine	  through	  
addi(on.	   11	  
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ReacAon	  Network	  Models	  

sient receptor phosphorylation response, but the peak level was
significantly less (35% of total EGFR). A much lower peak
phosphorylation level (less than 10%) was obtained at 0.2 nM

EGF. The peak phosphorylation level detected in anti-EGFR
immunoprecipitates and in anti-Tyr(P) immunoprecipitates af-
ter a 15-s stimulation with EGF was not significantly different,
indicating that conditions used for immunoprecipitation were
equally effective with either antibody and that the data de-
scribing early events in EGFR signaling were not significantly
affected by the method of measurement.

Fig. 3 shows the time course of the EGF (20 nM)-induced
activation of several downstream signaling events, as detected
by tyrosine phosphorylation of PLC! and Shc proteins (A and
B), and by Grb2 coprecipitation with EGFR and Shc (C). Tyro-
sine phosphorylation of PLC! (Fig. 3A) was measured by im-
munoprecipitation with anti-Tyr(P) antibody and detection by
Western blotting with anti-PLC! antibody. The quantity of
PLC! protein detected in these immunoprecipitates was com-
pared with total PLC! protein obtained after immunoprecipi-
tation with anti-PLC! antibody and run in parallel on the same
gels. The PLC! band in the anti-Tyr(P) immunoprecipitates
includes the following complexes (see Fig. 1).

Total phosphorylated PLC! " !R-PLP" # !PLC!P" (Eq. 14)

The time course of tyrosine phosphorylation of Shc (Fig. 3B)
was also measured in anti-Tyr(P) immunoprecipitates using
anti-Shc antibodies for detection. The predominant Shc iso-
forms detected in the liver cell lysate include a 46- and a
52-kDa form. Both isoforms become tyrosine-phosphorylated in
response to EGF with approximately similar kinetics (72). The
density of the corresponding bands was compared with the Shc
protein bands detected in the total lysate analyzed in parallel
on the same gel. The phosphorylated Shc protein detected in
these analyses reflects the sum of the following concentrations
(see Fig. 1).

Total phosphorylated Shc " !R-ShP" # !R-Sh-G" # !R-Sh-G-S"

# !ShP" # !Sh-G" # !Sh-G-S" (Eq. 15)

Grb2 coprecipitation with EGFR and with Shc (Fig. 3C) was
measured by immunoprecipitating cell lysates with anti-EGFR
antibody and with anti-Shc antibody and detecting coprecipi-
tated Grb2 by Western blotting with Grb2 antibody. According
to the kinetic scheme of Fig. 1, the corresponding bands in the
gels include the following complexes.

Total concentration of Grb2 bound to EGFR forms " !R-G" # !R-G-S"

# !R-Sh-G" # !R-Sh-G-S" (Eq. 16)

Total concentration of Grb2 bound to Shc isoforms " !R-Sh-G"

# !Sh-G" # !R-Sh-G-S" # !Sh-G-S" (Eq. 17)

Quantification of the bands was done by comparison with the
total cell lysates analyzed in parallel on the same gels. In
agreement with our earlier findings (25), a larger fraction of
Grb2 was bound to Shc than to EGFR (Fig. 3C).

A striking feature of the early responses to EGF is the
pronounced maximum in the concentrations of phosphorylated
EGFR, Grb2 coprecipitated with EGFR, and phosphorylated
PLC! (see Figs. 2 and 3). Interestingly, the time course of
EGFR phosphorylation correlates with the time course of Grb2
bound to EGFR and of phosphorylated PLC!, suggesting that
the events occurring in the different branches of the kinetic
scheme of Fig. 1 were partially synchronized. The observed
pattern of early EGFR signaling raises several questions, such
as the following. Why do tyrosine phosphorylated EGFR and
PLC!, as well as the total concentration of Grb2-EGFR com-
plexes, exhibit pronounced peaks and then descend to rela-

FIG. 1. Kinetic scheme of EGFR signaling mediated by adapter
and target proteins. Numbering of individual steps is arbitrary.

FIG. 2. Time course of EGFR autophosphorylation in hepato-
cytes. A, Western blots of EGFR in anti-Tyr(P) immunoprecipitates run
in parallel to anti-EGFR immunoprecipitates (1:2.5 dilution). Detection
by anti-EGFR antibody is shown. B, phosphorylated EGFR as a fraction
of the total EGFR in cell lysate at different times after stimulation with
20 nM (●), 2 nM (Œ), or 0.2 nM EGF (f). Data are mean # S.E. from three
different immunoprecipitates, representative of five similar experi-
ments. PY, phosphotyrosine.
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ReacAon	  Network	  Scheme	  

DifferenAal	  EquaAons	  Kinetic Analysis
Schematic Representation of Protein-Protein Interactions Induced
by EGF Binding

For a quantitative analysis of the EGFR signaling network, an ade-
quate description is required of the reactions that contribute to the
experimentally detected protein-protein interactions and tyrosine phos-
phorylation events. The kinetic scheme presented in Fig. 1 forms the
basis for the integration of the experimental study and the computa-
tional analysis.

In step 1, EGF binds to the extracellular domain of the monomeric
EGFR (designated as R in the kinetic scheme) and forms the
EGF!EGFR complex (designated as Ra). EGF binding drives the asso-
ciation of two receptor monomers into an activated receptor dimer (step
2). Recent studies (26, 27) have shown that a 2:2 (EGF:EGFR) complex
is the predominant form of the receptor dimer (designated as R2). The
phosphorylation of tyrosine residues by receptor tyrosine kinase is
combined into a single step 3, yielding a form designated as RP. Al-
though multiple tyrosine residues on the cytoplasmic tail of the receptor
are targets for autophosphorylation, we did not attempt to distinguish
experimentally between different phosphorylated forms of the receptor,
and, as we will discuss below, the initial computational analysis also
does not require a functional distinction to be made. Step 4 is the
dephosphorylation of RP, catalyzed by one or more phosphotyrosine
phosphatase(s) (28, 29).

Tyrosine phosphorylation triggers the binding of cytoplasmic pro-
teins to the receptor. We consider here three proteins that directly
interact with phosphotyrosine residues on the receptor, namely Grb2,
Shc, and PLC! (4). Although several other proteins bind to the activated
EGFR, it is helpful to consider a limited number of target proteins as an
initial core model. It is not entirely clear whether these multiple pro-
teins can bind simultaneously to their target phosphotyrosine residues
on the same receptor molecule or whether the binding of, for example,
Grb2 to the receptor hampers the binding of PLC! (competitive bind-
ing). The model depicted in Fig. 1 considers the binding of cytoplasmic
proteins to occur by a competitive mechanism. The advantage of a
model with competitive binding is that it allows us to consider receptor
phosphorylation as a single step rather than monitoring different phos-
phorylated forms of R2 as distinct entities. We also assume that, when
Grb2, Shc, or PLC! are bound to EGFR, the corresponding phosphoty-
rosine residues are not available to receptor phosphotyrosine phos-
phatases. The implications of these assumptions for the dynamic pat-
tern of EGFR signaling will be considered below. Which mechanism of
interactions of EGFR and adapter proteins occurs in vivo remains to be
identified.

The entire network of reactions of the receptor with its cytoplasmic
target proteins can now be divided into three coupled cycles of interac-
tions with Grb2, PLC!, and Shc, respectively. One receptor cycle in-
cludes the binding of PLC! (step 5 in Fig. 1, resulting in the formation
of the complex designated as R-PL) and phosphorylation of PLC! at two
tyrosine residues by receptor tyrosine kinase (step 6, yielding the com-
plex R-PLP). The partial cycle of the receptor is completed by the
dissociation of R-PLP into phosphorylated phospholipase C! (PLC!P)
and RP in step 7. Tyrosine phosphorylation of PLC! is thought to be
necessary for its activation and the subsequent formation of inositol
1,4,5-trisphosphate and generation of a Ca2! response (30, 31). PLC!P
can translocate to cytoskeletal or membrane structures (step 25), which
yields bound PLC!P-I (32, 33).

Another partial receptor cycle starts with the binding of Grb2 to a
receptor phosphotyrosine (step 9, forming the complex R-G). The com-
plex of the EGF receptor with the adapter protein Grb2 is a branch
point that leads to several signaling pathways through binding to
different potential targets. Here we consider the link of EGFR to the
Ras signaling pathway. The SH3 domains of Grb2 bind to proline-rich
regions of the Ras-specific GDP-GTP exchange factor SOS. In step 10,
SOS binds to the receptor-bound Grb2, resulting in the formation of the
ternary complex R-G-S. The binding of SOS to the EGFR-Grb2 complex
localizes SOS in the vicinity of Ras, which is anchored to the cell
membrane. The ternary complex R-G-S dissociates (step 11), yielding
the phosphorylated receptor (RP) and the complex G-S, which further
dissociates into Grb2 and SOS (step 12).

The final EGFR cycle considered here includes the formation of the
complex of Shc with EGFR (R-SH) (step 13 in Fig. 1) and its subsequent
phosphorylation at Tyr317 by receptor tyrosine kinase (step 14, yielding
R-ShP). This allows Grb2 to also bind to EGFR indirectly through
phosphorylated Shc, forming a ternary complex (R-Sh-G) (step 17).
There are three embedded EGFR cycles that involve Shc protein. The
shortest of these cycles is completed in step 15, where the complex

R-ShP dissociates, yielding the phosphorylated receptor (RP) and phos-
phorylated Shc (ShP). The second cycle is completed in step 18, where
the ternary complex R-Sh-G dissociates into RP and the complex Sh-G.
The longest of the three embedded cycles includes SOS binding to
R-Sh-G, leading to the formation of a four-protein complex, R-Sh-G-S
(step 19). The complex R-Sh-G-S can also be formed by association of
R-ShP and G-S complexes in step 24. The third cycle is completed in
step 20, where the complex R-Sh-G-S dissociates, releasing the phos-
phorylated receptor (RP) and the complex Sh-G-S.

It is unknown whether the binding of the phosphorylated target
proteins to EGFR protects them against specific phosphatases. The
kinetic scheme of Fig. 1 assumes that PLC!P and ShP are dephospho-
rylated only after they dissociate from the receptor (steps 16 and 8).
However, this assumption is not critical, provided the dephosphoryl-
ation of bound target proteins proceeds no faster than that of their
unbound phosphorylated forms.

After phosphorylated Shc dissociates from the receptor (ShP), it
retains its ability to bind various SH2 domain-containing targets. The
remaining steps in Fig. 1 constitute the cycle of ShP. The scheme
shows that Grb2 binds to ShP, forming the complex Sh-G (step 21).
The GDP-GTP exchange factor SOS is able to bind to Grb2 complexed
with phosphorylated Shc, forming the ternary complex Sh-G-S (step
22). The dissociation of the complex Sh-G-S yields G-S and ShP (step
23).

Derivation of a Kinetic Model

Kinetic Equations—In order to integrate the experimental observa-
tions in a description of the dynamic behavior of the EGFR signaling
network, we converted the reaction scheme of Fig. 1 into a set of
mathematical equations known as chemical kinetics equations (34). For
changes with time of the concentration of any component, e.g. the
receptor form RP, one can write the following.

Rate of change of RP concentration " total rate of RP production

# total rate of RP consumption (Eq. 1)

Here the total rate is the sum of the rates that produce or consume RP
according to the kinetic diagram. For instance, the total rate of RP
production equals the sum of the (net) rates of six steps (steps 3, 7, 11,
15, 18, and 20; see Fig. 1). A complete set of chemical kinetic equations
describing the reactions of Fig. 1 is provided in Table I.

Kinetic equations are usually written in terms of concentrations
(not of mole numbers), since the reaction rates are functions of
concentrations. If the same compound participates in reactions tak-
ing place in different compartments with different volumes, the ef-
fective concentration of that compound will be different depending on
the volume of the corresponding compartment. Step 1 (EGF binding
to EGFR) could be considered as taking place in the extracellular
compartment with a given initial concentration of EGF. The concen-
tration of EGFR in the extracellular compartment would then be
calculated as the number of the receptors on the cell surface divided

TABLE I
Kinetic equations comprising the computational model

d[EGF]/dt " #v1
d[R]/dt " #v1
d[Ra]/dt " v1 # 2v2
d[R2]/dt " v2 ! v4 # v3
dRP/dt " v3 ! v7 ! v11 ! v15 ! v18 ! v20 # v4 # v5 # v9 # v13
d[R-PL]/dt " v5 # v6
d[R-PLP]/dt " v6 # v7
d[R-G]/dt " v9 # v10
d[R-G-S]/dt " v10 # v11
d[R-Sh]/dt " v13 # v14
d[R-ShP]/dt " v14 # v24 # v15 # v17
d[R-Sh-G]/dt " v17 # v18 # v19
d[R-Sh-G-S]/dt " v19 # v20 ! v24
d[G-S]/dt " v11 ! v23 # v12 # v24
d[ShP]/dt " v15 ! v23 # v21 # v16
d[Sh-G]/dt " v18 ! v21 # v22
d[PLC!]/dt " v8 # v5
d[PLC!P]/dt " v7 # v8 # v25
d[PLC!P-I]/dt " v25
d[Grb]/dt " v12 # v9 # v17 # v21
d[Shc]/dt " v16 # v13
d[SOS]/dt " v12 # v10 # v19 # v22

Quantification of EGF Receptor Signaling 30171

by the (average) volume of incubation medium per cell (Vm). In step 2,
association and dissociation of the receptor monomers occurs in the
cell membrane. All other steps are considered as taking place in the
cytosolic compartment. Therefore, the same mole number of EGFR
would give rise to three EGFR concentrations (representing the dif-
ferent compartments). However, for computational purposes, it is
more convenient to deal only with a single concentration of EGFR
related to the cytoplasmic water volume (Vcw) of the cell. This re-
quires rescaling the rate constants of steps 1 and 2. For the purpose
of this rescaling, the EGF concentration in the model was also related
to the cytoplasmic water volume; i.e. [EGF] in the experimental
medium was multiplied by the ratio Vm/Vcw (see Table II). Typically,
there were 107 cells/ml in our experiments (see “Cell Preparation and
Incubation Conditions”); therefore, Vm ! 10"7 ml. Assuming the
diameter of a hepatocyte of 20 !m and a cytoplasmic water volume of
about 70% of total intracellular volume, Vm/Vcw ! 33.3.

Conserved Moieties—In the reaction network described by the equa-
tions listed in Table I, the EGF moiety and the protein moieties are
conserved. This assumption is justified for the short term responses
considered here. Let [EGFR]total be the total concentrations of EGFR
forms. Then the following is true.

#EGFR]total " #R$ # #Ra$ # 2%#R2$ # #RP$ # #R-PL$ # #R-PLP$ # #R-G$

# #R-G-S$ # #R-Sh$ # #R-ShP$ # #R-Sh-G$ # #R-Sh-G-S$& (Eq. 2)

Assuming that 60–80% out of the total of 1–3!105 EGF receptors/cell
(35–37) is displayed on the cell membrane, the total concentration of
surface-expressed EGFR, translated to the cytoplasm water volume, is
about 100 nM. Five other moieties conserved in the EGFR signaling
reactions include the total concentrations of PLC$, Grb2, Shc, and SOS
proteins and EGF, designated below by [PLC$]total, [Grb2]total, [Shc]total,
[SOS]total, and [EGF]total, respectively (Table II).

#EGF]total " #EGF$ # #Ra$ # 2 ! %#R2$ # #RP$ # #R-PLP$ # #R-PL$

# #R-Sh$ # #R-ShP$ # #R-G$ # #R-G-S$

# #R-Sh-G$ # #R-Sh-G-S$) (Eq. 3)

#PLC$]total " #R-PL$ # #R-PLP$ # #PLC$$

# #PLC$P$ # #PLCgP-I$ (Eq. 4)

#Grb2]total " #Grb$ # #G-S$ # #Sh-G$ # #Sh-G-S$ # #R-G$ # #R-G-S$

# #R-Sh-G$ # #R-Sh-G-S$ (Eq. 5)

#Shc]total " #Shc$ # #ShP$ # #Sh-G$ # #Sh-G-S$ # #R-Sh$ # #R-ShP$

# #R-Sh-G$ # #R-Sh-G-S$ (Eq. 6)

#SOS]total " #SOS$ # #G-S$ # #Sh-G-S$

# #R-G-S$ # #R-Sh-G-S$ (Eq. 7)

Thermodynamic Restrictions along Cyclic Pathways in the Kinetic
Scheme—If a kinetic scheme includes “true” cycles, in which the initial
and final states are identical, the equilibrium constants of the reactions
along any cycle satisfy so-called “detailed balance” relationships (e.g.
see Refs. 38 and 39). These detailed balance relations require the
product of the equilibrium constants along a cycle to be equal to 1, since
at equilibrium the net flux through any cycle vanishes. Therefore, such
relations decrease the number of independent rate constants in a ki-
netic model. The kinetic scheme in Fig. 1 demonstrates that the pro-
gression along steps 9–12 (in the positive direction) completes a cycle
without any concomitant transformations and changes in the free en-
ergy. Hence, the following restriction exists on the kinetic constants.

k9 ! k10 ! k11 ! k12/%k"9 ! k"10 ! k"11 ! k"12& " 1 (Eq. 8)

Further examination of the kinetic scheme in Fig. 1 shows additional
reaction cycles that imply the following constraints.

k15 ! k21 ! k"17 ! k"18/%k"15 ! k"21 ! k17 ! k18& " 1 (Eq. 9)

k18 ! k22 ! k"19 ! k"20/%k"18 ! k"22 ! k19 ! k20& " 1 (Eq. 10)

k12 ! k22 ! k21 ! k23/%k"12 ! k"22 ! k"21 ! k"23& " 1 (Eq. 11)

k15 ! k"20 ! k"23 ! k"24/%k"15 ! k20 ! k23 ! k24& " 1 (Eq. 12)

EGF Binding Constants—Reported Kd values for EGF binding to the
solubilized extracellular domain of the receptor (40, 41) range from 100
to 500 nM, whereas full-length EGFR in plasma membrane vesicles has
a substantially higher affinity for EGF, with an apparent Kd of 0.45–1
nM (42, 43). In binding studies carried out on intact hepatocytes, Kd

TABLE II
Rate equations and parameter values of the kinetic model

Concentrations and the Michaelis constants (K4, K8, and K16) are given in nM. First- and second-order rate constants are expressed in s"1 and
nM"1 ! s"1, respectively. V4, V8, and V16 are expressed in nM ! s"1. [EGFR]total ! 100, [EGF]total ! 680, [RPL]total ! 105, [Grb2]total ! 85, [Shc]total
! 150, [SOS]total ! 34. Medium concentration [EGF]total was multiplied by the factor Vm/Vcw ! 33.3 to formally rescale it to the cytoplasmic water
volume.

Reaction
number Rate equation Parameter values

1a k1 ! [R] ! [EGF] " k"1 ! [Ra] k1 ! 0.003; k"1 ! 0.06
2 k2 ! [Ra] ! [Ra]"k"2 ! [R2] k2 ! 0.01; k"2 ! 0.1
3 k3 ! [R2] " k"3 ! [RP] k3 ! 1; k"3 ! 0.01
4 V4 ! [RP]/(K4 ' [RP]) V4 ! 450; K4 ! 50
5 k5 ! [RP] ! [PLC$] " k"5![R-PL] k5 ! 0.06; k"5 ! 0.2
6 k6 ! [R-PL] " k"6 ! [R-PLP] k6 ! 1; k"6 ! 0.05
7 k7 ! [R-PLP] " k"7 ! [RP] ! [PLC$P] k7 ! 0.3; k"7 ! 0.006
8 V8 ! [PLC$P]/(K8 ' [PLC$P]) V8 ! 1; K8 ! 100
9 k9 ! [RP] ! [Grb] " k"9 ! [R-G] k9 ! 0.003; k"9 ! 0.05

10 k10 ! [R-G] ! [SOS] " k"10 ! [R-G-S] k10 ! 0.01; k"10 ! 0.06
11 k11 ! [R-G-S] " k"11 ! [RP] ! [G-S] k11 ! 0.03; k"11 ! 4.5 ! 10"3

12 k12 ! [G-S] " k"12 ! [Grb] ! [SOS] k12 ! 1.5 ! 10"3; k"12 ! 10"4

13 k13 ! [RP] ! [Shc] " k"13 ! [R-Sh] k13 ! 0.09; k"13 ! 0.6
14 k14 ! [R-Sh] " k"14 ! [R-ShP] k14 ! 6; k"14 ! 0.06
15 k15 ! [R-ShP] " k"15 ! [ShP] ! [RP] k15 ! 0.3; k"15 ! 9 ! 10"4

16 V16 ! [ShP]/(K16 ' [ShP]) V16 ! 1.7; K16 ! 340
17 k17 ! [R-ShP] ! [Grb] " k"17 ! [R-Sh-G] k17 ! 0.003; k"17 ! 0.1
18 k18 ! [R-Sh-G] " k"18[RP] ! [Sh-G] k18 ! 0.3; k"18 ! 9 ! 10"4

19 k19 ! [R-Sh-G] ! [SOS] " k"19 ! [R-Sh-GS] k19 ! 0.01; k"19 ! 2.14 ! 10"2

20 k20 ! [R-Sh-G-S] " k"20 ! [Sh-G-S] ! [RP] k20 ! 0.12; k"20 ! 2.4 ! 10"4

21 k21 ! [ShP]![Grb] " k"21 ! [Sh-G] k21 ! 0.003; k"21 ! 0.1
22 k22 ! [Sh-G] ! [SOS] " k"22 ! [Sh-G-S] k22 ! 0.03; k"22 ! 0.064
23 k23 ! [Sh-G-S] " k"23 ! [ShP] ! [G-S] k23 ! 0.1; k"23 ! 0.021
24 k24 ! [R-ShP]![G-S] " k"24 ! [R-Sh-G-S] k24 ! 0.009; k"24 ! 4.29 ! 10"2

25 k25 ! [PLC$P] " k"25 ! [PLC$P-I] k25 ! 1; k"25 ! 0.03
a In order to rescale step 1 to the cytoplasmic water volume (Vcw), k1 was multiplied by the factor Vcw/Vm ! 0.03, equal to the ratio of the

cytoplasmic water volume and the volume of incubation medium per cell (Vm).

Quantification of EGF Receptor Signaling30172

Rate	  EquaAons	  

MathemaAcal	  FormulaAon	  

Kholodenko	  et	  al.,	  J.	  Biol.	  Chem.	  (1999)	  

22	  species	  /	  25	  reacAons	  



Combinatorial	  complexity	  in	  a	  
prototypical	  signaling	  module	  

GRB2
SH2 SH3

SOS1
PRR

SHC1
PTB

pY317

EGFR
ecto1

ecto2

pY1068

pY1086

pY1148

pY1173

EGF
EGFL

(a) Extended Contact Map

(b) Reaction Rule

EGFR(Y1068~P) + GRB2(SH2) <-> EGFR(Y1068~P!1).GRB2(SH2!1) kp1, km1 

kinase

protein or protein
component

pY
phosphorylation-dependent
binding

binding

activation

catalysis

Legend

5	  proteins,	  20	  interacAons	   	   	  170,000	  species	  
	  
…	  but	  only	  20	  (or	  so)	  rules.	  	  



Rules	  provide	  a	  scalable	  way	  to	  model	  
molecular	  interacAons	  

GRB2
SH2 SH3

SOS1
PRR

SHC1
PTB

pY317

EGFR
ecto1

ecto2

pY1068

pY1086

pY1148

pY1173

EGF
EGFL

(a) Extended Contact Map

(b) Reaction Rule

EGFR(Y1068~P) + GRB2(SH2) <-> EGFR(Y1068~P!1).GRB2(SH2!1) kp1, km1 

kinase

protein or protein
component

pY
phosphorylation-dependent
binding

binding

activation

catalysis

Legend

Rules	  ~	  number	  of	  interac2ons	  <<	  number	  of	  species	  	  



Rule-‐Based	  Modeling	  protocol	  
1.	  	  IdenAfy	  components	  and	  interacAons.	  

2.	  	  Translate	  into	  objects	  (molecules)	  and	  rules	  

3.	  Determine	  concentra2ons	  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	  
•  MoAfs	  
•  ProperAes	  

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	  
represenAng	  
•  pos&ranslaAonal	  modificaAons	  
•  conformaAonal	  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	  InteracAon	  Rules	  

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

BIONETGEN	  Language	  

binding	  and	  dissociaAon	  

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	  pa[erns	  
select	  properAes	  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	  pa[erns	  
select	  properAes	  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	  pa[erns	  
select	  properAes	  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	  reacAons.	  



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	  



ComposiAon	  of	  a	  Rule-‐Based	  Model	  

Molecules	   Reac2on	  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	  



ApplicaAons	  

•  Immunoreceptor	  Signaling	  
•  Growth	  factor	  receptor	  signaling	  
•  MulAvalent	  binding	  
•  Scaffold	  effects	  
•  Yeast	  pheromone	  signaling	  
•  For	  a	  complete	  list	  of	  BioNetGen	  ApplicaAons	  
see	  h&p://bionetgen.org/Model_Examples.	  	  



SIMULATING	  A	  RULE-‐BASED	  MODEL	  



Basic	  RBM	  workflow	  with	  BioNetGen	  

Objects	  and	  
rules	   BIONETGEN	  

ReacAon	  
Network	  

ODE	  Solver	  

StochasAc	  
Simulator	  
(Gillespie)	  

Output	  

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



AutomaAc	  Network	  GeneraAon	  

Seed	  Species	  
(4)	  

ReacAon	  
Rules	  (19)	  

New	  
ReacAons	  &	  
Species	  

FcεRI	  Model	  

Network	  

FcεRI	  

(IgE)2	   Lyn	   Syk	  

Network	  



AutomaAc	  Network	  GeneraAon	  

Seed	  Species	  
(4)	  

ReacAon	  
Rules	  (19)	  

FcεRI	  Model	  

FcεRI	  

(IgE)2	   Lyn	   Syk	  

354	  Species	  
3680	  ReacAons	  



 

NFSIM* 
Network-Free Stochastic Simulator 

h&p://emonet.biology.yale.edu/nfsim/	  

Reaction VolumeReaction Volume

Molecule Types: A b
c Ba C a

begin molecule types
  A(b,c)
  B(a)
  C(a)
end molecule types

begin reaction rules
  A(b) + B(a) -> A(b!1).B(a!1)  k1
  A(b!1).B(a!1) -> A(b) + B(a)  k2
  A(c) + C(a) -> A(c!1).C(a!1)  k3
  ...
end reaction rules

ba
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A-B binding
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Figure 2

Sneddon	  et	  al.	  (2011)	  Nat.	  Methods,	  8,	  177	  	  



FcεRI	  signaling	  models	  
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Figure 3

Increasing	  complexity	  
NFSIM	  can	  simulate	  models	  of	  greatly	  
increased	  complexity	  with	  manageable	  
increase	  in	  cost.	  	  



IntegraAon	  with	  BIONETGEN	  

 

OTF	  



Large	  Scale	  TCR	  Signaling	  Model	  
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Hu,	  Chylek,	  and	  Hlavacek,	  unpublished.	  



RuleBender	  

Xu	  et	  al.	  Bioinforma(cs	  (2011);	  Smith	  et	  al.	  BioVis12	  (Best	  Paper);	  BMC	  Bioinforma(cs	  (2012)	  

Built	  in	  Eclipse	  RCP	  	  	   h&p://rulebender.org	  	  



HANDS-‐ON	  TUTORIAL	  



Technical	  Overview	  of	  the	  
BioNetGen	  Language	  

Objects(and(
rules( BIONETGEN(

Reac6on(
Network(

ODE(
Solver(

SSA((Gillespie)(
Output(

NFsim(

	  
	  
parameters	  
	  
(compartments)	  
	  
molecule	  types	  
	  
seed	  species	  
	  
observables	  
	  
(func2ons)	  
	  
reac2on	  rules	  
	  
	  
	  
	  
ac2ons	  

BNGL	  file	  



DimerizaAon	  Model	  

Plasma	  membrane	  (PM)	  

Extracellular	  region	  (EC)	  

Outer	  wall	  (wall)	  

k+1	   k-‐1	   k+2	   k-‐2	  

Cytoplasm	  (CP)	  



Compartment	  SpecificaAon	  

Plasma&membrane&(PM)&

Extracellular&region&(EC)&

Outer&wall&(wall)&

k+1& k;1& k+2& k;2&

Cytoplasm&(CP)&

begin compartments	
  wall 2  vol_wall	
  EC   3  vol_EC     wall	
  PM   2  vol_PM     EC	
  CP   3  vol_CP     PM	
end compartments 	
 	  

Volume	  of	  surface	  compartment	  =	  Area*thickness	  
thickness	  =	  10	  nm	  =	  0.01	  μm	  



BACKUP	  EXAMPLE	  



Example	  1:	  MM	  Mechanism	  

E +S
k1⎯ →⎯

k−1
← ⎯⎯ ES k2⎯ →⎯ E +P

A	  BioNetGen	  model	  consists	  of	  a	  set	  of	  blocks,	  each	  beginning	  and	  ending	  
with	  begin <blockname> / end <blockname>	  respecAvely.	  

parameters	  
	  
	  
molecule	  types	  
	  
	  
seed	  species	  
	  
	  
observables	  
	  
	  
func2ons	  
	  
	  
reac2on	  rules	  
	  
	  
ac2ons	  



Example	  1:	  MM	  Mechanism	  

E +S
k1⎯ →⎯

k−1
← ⎯⎯ ES k2⎯ →⎯ E +P

parameters	  –	  model	  constants	  are	  defined	  here.	  	  The	  user	  is	  responsible	  
for	  using	  a	  consistent	  set	  of	  units,	  which	  should	  be	  indicated	  in	  the	  
associated	  comments.	  
	  

parameters	  
	  
	  
molecule	  types	  
	  
	  
seed	  species	  
	  
	  
observables	  
	  
	  
func2ons	  
	  
	  
reac2on	  rules	  
	  
	  
ac2ons	  



Example	  1:	  MM	  Mechanism	  

E +S
k1⎯ →⎯

k−1
← ⎯⎯ ES k2⎯ →⎯ E +P

begin parameters!
  # Avogadro's number- scaled for umol!
  NA 6.02e23/1e6!
  # Cell volume!
  V 1e-12 # liters - typical for eukaryote!
  # Rate constants!
  kp1   1.0/(NA*V) # 1/uM 1/s-> 1/molec 1/s!
  km1   1.0e-1 # 1/s!
  k2    1.0e-2 # 1/s!
  !
  # Initial concentrations!
  E0 0.01*NA*V # uM -> molec / cell!
  S0 1.0*NA*V # uM -> molec / cell!
end parameters!

parameters	  
	  
	  
molecule	  types	  
	  
	  
seed	  species	  
	  
	  
observables	  
	  
	  
func2ons	  
	  
	  
reac2on	  rules	  
	  
	  
ac2ons	  



Example	  1:	  MM	  Mechanism	  

E +S
k1⎯ →⎯

k−1
← ⎯⎯ ES k2⎯ →⎯ E +P

molecule	  types–	  molecules,	  their	  components,	  and	  their	  allowed	  
component	  states	  are	  declared	  here.	  

parameters	  
	  
	  
molecule	  types	  
	  
	  
seed	  species	  
	  
	  
observables	  
	  
	  
func2ons	  
	  
	  
reac2on	  rules	  
	  
	  
ac2ons	  



Example	  1:	  MM	  Mechanism	  

E +S
k1⎯ →⎯

k−1
← ⎯⎯ ES k2⎯ →⎯ E +P

begin molecule types!
  E(s)!
  S(Y~0~P)!
end molecule types!

parameters	  
	  
	  
molecule	  types	  
	  
	  
seed	  species	  
	  
	  
observables	  
	  
	  
func2ons	  
	  
	  
reac2on	  rules	  
	  
	  
ac2ons	  



Example	  1:	  MM	  Mechanism	  

E +S
k1⎯ →⎯

k−1
← ⎯⎯ ES k2⎯ →⎯ E +P

seed	  species–	  species	  iniAally	  present	  in	  the	  system	  at	  Ame	  t=0	  
followed	  by	  their	  iniAal	  concentraAon.	  	  Standard	  is	  all	  molecule	  
types	  in	  their	  “ground	  state”	  with	  basal	  expression	  levels.	  	  May	  
include	  complexes.	  	  All	  components	  of	  molecules	  that	  have	  states	  
must	  be	  in	  a	  specified	  state.	  	  All	  complexes	  must	  be	  connected.	  

parameters	  
	  
	  
molecule	  types	  
	  
	  
seed	  species	  
	  
	  
observables	  
	  
	  
func2ons	  
	  
	  
reac2on	  rules	  
	  
	  
ac2ons	  



Example	  1:	  MM	  Mechanism	  

E +S
k1⎯ →⎯

k−1
← ⎯⎯ ES k2⎯ →⎯ E +P

parameters	  
	  
	  
molecule	  types	  
	  
	  
seed	  species	  
	  
	  
observables	  
	  
	  
func2ons	  
	  
	  
reac2on	  rules	  
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begin seed species!
  E(s) !E0!
  S(Y~0)  S0!
end seed species!



Example	  1:	  MM	  Mechanism	  

E +S
k1⎯ →⎯

k−1
← ⎯⎯ ES k2⎯ →⎯ E +P

observables–	  Defined	  sums	  of	  concentraAons	  of	  species	  with	  
specified	  properAes.	  Syntax	  is	  <type>	  <name>	  <pa&ern>.	  	  Types	  
considered	  here	  are	  Molecules	  and	  Species,	  which	  indicate	  weighted	  
and	  unweighted	  sums	  respecAvely.	  	  These	  are	  used	  to	  define	  model	  
outputs	  and	  are	  used	  as	  to	  make	  the	  default	  plot	  in	  RuleBender.	  
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Example	  1:	  MM	  Mechanism	  

E +S
k1⎯ →⎯

k−1
← ⎯⎯ ES k2⎯ →⎯ E +P

begin observables!
  Molecules SU S(Y~0)!
  Molecules SP S(Y~P)!
  Molecules ES E(s!1).S(Y!1)!
end observables!
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Example	  1:	  MM	  Mechanism	  

E +S
k1⎯ →⎯

k−1
← ⎯⎯ ES k2⎯ →⎯ E +P

begin observables!
  Molecules SU S(Y~0)!
  Molecules SP S(Y~P)!
  Molecules ES E(s!1).S(Y!1)!
end observables!

SU S(Y~0)	  

S(Y~0)	  

observable	  	  

matches	  	  

species	   E(s!1).S(Y~0!1)	  

S(Y~0)	  

x	  

SU	  =	  sum	  of	  concentraAon	  of	  matches	  =	  [S(Y~0)]	  

not	  
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Example	  1:	  MM	  Mechanism	  

E +S
k1⎯ →⎯

k−1
← ⎯⎯ ES k2⎯ →⎯ E +P

begin observables!
  Molecules SU S(Y~0)!
  Molecules SP S(Y~P)!
  Molecules ES E(s!1).S(Y!1)!
end observables!

ES   E(s!1).S(Y!1)	  observable	  	  

matches	  	  

species	   E(s!1).S(Y~0!1)	  

ES	  =	  sum	  of	  concentraAon	  of	  matches	  =	  [E(s!1).S(Y~0!1)]	  
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Example	  1:	  MM	  Mechanism	  

E +S
k1⎯ →⎯

k−1
← ⎯⎯ ES k2⎯ →⎯ E +P

reacAon	  rules–	  Rules	  that	  generate	  reacAons	  based	  on	  selecAng	  
reactants	  with	  specified	  properAes	  and	  transforming	  them	  in	  a	  
specified	  way	  with	  the	  specified	  rate	  law.	  	  Syntax	  is	  <name>:	  
<reactants>	  <arrow>	  <products>	  <rate	  law>.	  	  Name	  is	  opAonal	  but	  
useful.	  
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Example	  1:	  MM	  Mechanism	  

E +S
k1⎯ →⎯

k−1
← ⎯⎯ ES k2⎯ →⎯ E +P
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begin reaction rules!
!
ESbind: \!
  E(s) + S(Y~0) <-> E(s!1).S(Y~0!1) kp1, km1!
!
ESconvert: \!
  E(s!1).S(Y~0!1) -> E(s) + S(Y~P) k2!
!
end reaction rules!



Example	  1:	  MM	  Mechanism	  
E +S

k1⎯ →⎯

k−1
← ⎯⎯ ES k2⎯ →⎯ E +P

acAons–	  Need	  not	  be	  enclosed	  in	  block.	  	  Come	  a{er	  model	  
definiAon	  and	  specify	  simulaAon	  protocol	  for	  a	  model.	  
	  
generate_network({});!
simulate_ode({t_end=>1000,n_steps=>100});	  
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