FEN
> Il?sAlamos

NATIONAL LABORATORY
- - (31.094) -

LA-UR-17-28151

Approved for public release; distribution is unlimited.

Title: TRuML: a translator for rule-based modeling languages

Author(s): Suderman, Ryan T.
Hlavacek, William Scott

Intended for: ACM-BCB, 2017-08-21/2017-08-23 (Cambridge, Massachusetts, United
States)

Issued: 2017-09-11




Disclaimer:

Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by the Los Alamos National Security, LLC for
the National Nuclear Security Administration of the U.S. Department of Energy under contract DE-AC52-06NA25396. By approving this
article, the publisher recognizes that the U.S. Government retains nonexclusive, royalty-free license to publish or reproduce the published
form of this contribution, or to allow others to do so, for U.S. Government purposes. Los Alamos National Laboratory requests that the
publisher identify this article as work performed under the auspices of the U.S. Department of Energy. Los Alamos National Laboratory
strongly supports academic freedom and a researcher's right to publish; as an institution, however, the Laboratory does not endorse the
viewpoint of a publication or guarantee its technical correctness.



TRuUML: A translator for rule-based
modeling languages
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Dynamical systems biology

Modeling protein interaction networks traditionally
done with ODEs or reaction networks

Two prominent Issues:
Encoding (knowledge representation)

Complexity
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Rule-based modeling

“Site graphs” represent molecules/complexes < , >

x A |y

. . ] \/
Graph-rewriting rules represent sets of reactions

A et Ais

y y

u u

A A
N N
C C

\Z \Z

Chylek, L. A., et al, (2014), WIREs: Sys Biol Med

Danos, V., et al, (2007), Concur 2007
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Rule-based modeling

BioNetGen (BNGL) and Kappa languages

Both have “direct” KMC-based simulation engines

update rule

EaCh haS a Un|que Set propensities initialize
of analysis tools / \

\ 4
apply rule and sample time for
advance time reaction event

i 1
og\r
CLJ > T9 - ar g 1
Danos, V., et al, (2007), LNCS
71=1
sample rule

Gillespie, D. T. (2007). Ann Rev Phys Chem

Sneddon, M. W. et al, (2011), Nat Meth
A7 - sum of all rules’ propensities

/J7 (; - the propensity of rule i W
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Translation

TRuML is a tool for translating between Kappa and BNGL

Some model components can be trivially translated:

PN BNGL: A(x,y)
x Ay
< Kappa: %agent: A(X,y)

Others require syntactic modification:
BNGL: x = loglo(y + 1) / z
Kappa: %var: ‘x’ ([log](‘y’ + 1) / [log](10)) / ¢z’
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Translation

Rules are similar syntactically, but with key differences:

A e s
Kappa:
A(y),B(x) -> A(y!l1),B(x!1) @ k

BNGL:
A(y) + B(x) -> A(y!1).B(x!1) k
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Translating identically named sites

BNGL allows molecules with identical sites <

Kappa’s formalism requires distinct site names

BNGL patterns involving identical sites must be expanded
to accommodate Kappa’s site naming conventions
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Translating identically named sites

. . A~ DNP DNP
Consider the immune response Fab IgE  Fab DF3

S
DNP

Two types of binding rules:

- Free DF3 binding IgE
- Bound DF3 crosslinking 2 IgEs

BNGL:

IgE(Fab)+DF3(DNP,DNP,DNP) -> IgE(Fab!1).DF3(DNP!1,DNP,DNP) k1
IgE(Fab)+DF3(DNP,DNP!+) -> IgE(Fab!1).DF3(DNP!1,DNP!+) k2

/0
> L:)?; Alamos W

AAAAAAAAAAAAAAAAAA Center for
————— EST.1943 ———— Nonlinear Studies



Translating identically named sites

First, the molecule types’ sites must be DNPODFB NP
renamed
DNP>
Patterns containing these molecule types must
be combinatorially expanded <
Fabg IgE Fabj
~. “

IgE(Fab!1).DF3(DNP!1,DNP,DNP)

IgE(Fabe!1),DF3(DNP@!1,DNP1,DNP2)
IgE(Fab1!1),DF3(DNP@,DNP1!1,DNP2)
IgE(Fabe!1),DF3(DNP@,DNP1,DNP2!1)
IgE(Fab1!1),DF3(DNP@!1,DNP1,DNP2)
IgE(Fabe!1),DF3(DNP@,DNP1!1,DNP2)
IgE(Fab1!1),DF3(DNP@,DNP1,DNP2!1)
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Translating identically named sites

DNPg DNP;
This is not sufficient for certain cases DF3
. . . DNP
Consider the crosslinking rule’s DF3 reactant: ;
A~
DF3(DNP,DNP!+) Faby |gE Fabs
~. “

DF3(DNP@,DNP1! )
DF3(DNP@,DNP2! )
DF3(DNP1,DNPO! )
DF3(DNP1,DNP2! )
DF3(DNP2,DNPO! )
DF3(DNP2,DNP1! )
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Translating identically named sites

DF3(DNP@,DNP1! ) — | | DNPo~ DNP;

DF3(DNPQ,DNP2! ) —> DF3(DNPO,DNP1! ,DNP2! ) DE3

DF3(DNP1,DNPO! ) -~

DF3(DNP1,DNP2! )

DF3(DNP2,DNPO! )

DF3(DNP2,DNP1! ) P
Faby |gE Fab;

~. “

Overlapping patterns cause an overestimate of a
rule’s propensity

Additional context is needed
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Translating identically named sites

Generally, if multiple identical sites exist and DNPg DNP;
are underspecified in a pattern: DF3
0. Perform combinatorial expansion as before DNP>
DF3(DNPO,DNP1! ) <
DF3(DNPQ,DNP2! ) Fabo |gE Faby

DF3(DNP1,DNPO! ) ~_
DF3(DNP1,DNP2! )
DF3(DNP2,DNPO! )
DF3(DNP2,DNP1! )

DF3(DNP,DNP!+) —»
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Translating identically named sites

Generally, if multiple identical sites exist and DNPg DNP;
are underspecified in a pattern: DF3
0. Perform combinatorial expansion as before DNP>

1. Determine all possible states for the site in question

Fabg IgE Fabj

DNPN <
DNPN > DNPN!_

/N
> L;?s Alamos W

NATIONAL LABORATORY Center for
Nonlinear Studies




Translating identically named sites

Generally, if multiple identical sites exist and DNPg DNP;
are underspecified in a pattern: DF3
0. Perform combinatorial expansion as before DNP>

1. Determine all possible states for the site in question

2. Take product of possible states and unspecified Kappa site Faby |gE Fab;
names for each pattern in the expansion <
all sites specified sites unspecified sites

DF3(DNPO,DNP1! ) —» {DNP@,DNP1,DNP2} - {DNP®,DNP1} = {DNP2}

{DNP2} X {DNPN, DNPN! } = {DNP2, DNP2! }
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Translating identically named sites

Generally, if multiple identical sites exist and DNPg DNP;
are underspecified in a pattern: DF3
0. Perform combinatorial expansion as before DNP>

1. Determine all possible states for the site in question

<
2. Take product of possible states and unspecified Kappa site Fabo |gE Fabs
names for each pattern in the expansion <

3. Generate new patterns by adding all unspecified site
combinations to each pattern in the expansion
DF3(DNPO,DNP1! ) + {DNP2, DNP2! } —»

{DF3(DNPO,DNP1! ,DNP2), DF3(DNP®,DNP1! ,DNP2! )}
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Translating identically named sites

Generally, if multiple identical sites exist and DNPg DNP;
are underspecified in a pattern: DF3
0. Perform combinatorial expansion as before DNP>

1. Determine all possible states for the site in question

2. Take product of possible states and unspecified Kappa site Faby |gE Fab;
names for each pattern in the expansion <
3. Generate new patterns by adding all unspecified site
combinations to each pattern in the expansion
4. Prune identical patterns from list
DF3(DNPQ,DNP1! ) DF3(DNPO,DNP1! ,DNP2)
DF3(DNPO,DNP2! ) DF3(DNPO,DNP1! ,DNP2! )
DF3(DNP1,DNPO! ) DF3(DNPO,DNP2! ,DNP1)
DF3(DNP,DNP! —> ? - —> ? -
3(DNP, +) DF3(DNP1,DNP2! ) DF3(DNP1,DNPO! ,DNP2! )
DF3(DNP2,DNPO! ) DF3(DNP1,DNPO! ,DNP2)
DF3(DNP2,DNP1! ) DF3(DNP2,DNPO! ,DNP1! )
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Translating identically named sites

Generally, if multiple identical sites exist and DNPg~  DNP;
are underspecified in a pattern: KDFB/
0. Perform combinatorial expansion as before DNP>

1. Determine all possible states for the site in question

2. Take product of possible states and unspecified Kappa site Faby |gE Fab;
names for each pattern in the expansion <
3. Generate new patterns by adding all unspecified site
combinations to each pattern in the expansion
4. Prune identical patterns from list
DF3(DNPO,DNP1! ) DF3(DNPO,DNP1! ,DNP2)
DF3(DNPQ,DNP2! ) DF3(DNPQ,DNP1! ,DNP2! )
DF3(DNP1,DNPO! ) DF3(DNPO,DNP2! ,DNP1)
DF3(DNP,DNP!+) —» ? - —> g —
3 (DNP, ) DF3(DNP1,DNP2! ) DF3(DNP1,DNPO! ,DNP2! )
DF3(DNP2,DNPO! ) DF3(DNP1,DNPO! ,DNP2)
DF3(DNP2,DNP1! ) DF3(DNP2,DNPO! ,DNP1! )
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Translating identically named sites

Generally, if multiple identical sites exist and DNPg~  DNP;
are underspecified in a pattern: KDFB/
0. Perform combinatorial expansion as before DNP>

1. Determine all possible states for the site in question

2. Take product of possible states and unspecified Kappa site Faby |gE Fab;
names for each pattern in the expansion <
3. Generate new patterns by adding all unspecified site
combinations to each pattern in the expansion
4. Prune identical patterns from list
DF3(DNPQ,DNP1! ) DF3(DNPO,DNP1! ,DNP2)
DF3(DNPO,DNP2! ) DF3(DNPO,DNP1! ,DNP2! )
DF3(DNP1,DNPO! ) DF3(DNPO,DNP2! ,DNP1)
DNP ! — ? R ? —’
DF3(DNP, +) DF3(DNP1,DNP2! ) DF3(DNP1,DNPO! ,DNP2! )
DF3(DNP2,DNPO! ) DF3(DNP1,DNPO! ,DNP2)
DF3(DNP2,DNP1! ) DF3(DNP2,DNPO! ,DNP1! )
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Translating identically named sites

Generally, if multiple identical sites exist and DNPg~  DNP;
are underspecified in a pattern: KDFB/
0. Perform combinatorial expansion as before DNP>

1. Determine all possible states for the site in question

2. Take product of possible states and unspecified Kappa site Faby |gE Fab;
names for each pattern in the expansion <
3. Generate new patterns by adding all unspecified site
combinations to each pattern in the expansion
4. Prune identical patterns from list
DF3(DNPO,DNP1! ) DF3(DNPQ,DNP1! ,DNP2)
DF3(DNPO,DNP2! ) DF3(DNPO,DNP1! ,DNP2! )
DF3(DNP1,DNPO! ) DF3(DNPO,DNP2! ,DNP1)
DF3(DNP,DNP!+) —» ? - —> ? -
3 (DNP, ) DF3(DNP1,DNP2! ) DF3(DNP1,DNPO! ,DNP2! )
DF3(DNP2,DNPO! ) DF3(DNP1,DNPQ! ,DNP2)
DF3(DNP2,DNP1! ) DF3(DNP2,DNPO! ,DNP1! )
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Translating identically named sites

Coming back to the immune response rules
1. Rule(s) governing free DF3 binding IgE
BNGL:

IgE(Fab)+DF3(DNP,DNP,DNP) -> IgE(Fab!1).DF3(DNP!1,DNP,DNP) k1

Kappa:

IgE(Fabe),DF3(DNPO,DNP1,DNP2) -> IgE(Fabe!1),DF3(DNPO!1,DNP1,DNP2) @ k1
IgE(Fabe),DF3(DNPO,DNP1,DNP2) -> IgE(Fab@!1),DF3(DNPO,DNP1!1,DNP2) @ k1
IgE(Fabe),DF3(DNPO,DNP1,DNP2) -> IgE(Fabe!1),DF3(DNPO,DNP1,DNP2!1) @ k1
IgE(Fabe),DF3(DNP@,DNP1,DNP2) -> IgE(Fabl!1),DF3(DNPO!1,DNP1,DNP2) @ k1
IgE(Fabe),DF3(DNPO,DNP1,DNP2) -> IgE(Fabl!1),DF3(DNPO,DNP1!1,DNP2) @ k1
IgE(Fabe),DF3(DNPO,DNP1,DNP2) -> IgE(Fabl!1),DF3(DNPQ,DNP1,DNP2!1) @ k1
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Translating identically named sites

2. Rule(s) governing IgE crosslinking by DF3
BNGL.:

IgE(Fab)+DF3(DNP,DNP!+) -> IgE(Fab!1).DF3(DNP!1,DNP!+) k2
Kappa:

IgE(Fabo),DF3(DNPO,DNP1! ,DNP2) -> IgE(Fabe!1),DF3(DNPO!1,DNP1! ,DNP2) @ k2
IgE(Fabo),DF3(DNPO,DNP1! ,DNP2) -> IgE(Fabe!1),DF3(DNPQ,DNP1! ,DNP2!1) @ k2
IgE(Fabo),DF3(DNPO,DNP1! ,DNP2! ) -> IgE(Fabe!1),DF3(DNP@!1,DNP1! ,DNP2! ) @ k2
IgE(Fabo),DF3(DNP@,DNP1,DNP2! ) -> IgE(Fabe!1),DF3(DNPO!1,DNP1,DNP2! ) @ k2
IgE(Fabo),DF3(DNPO,DNP1,DNP2! ) -> IgE(Fabe!1),DF3(DNPQ,DNP1!1,DNP2! ) @ k2
IgE(Fabo),DF3(DNP@! ,DNP1,DNP2) -> IgE(Fabe!1),DF3(DNPO! ,DNP1!1,DNP2) @ k2
IgE(Fabo),DF3(DNP@! ,DNP1,DNP2) -> IgE(Fab@!1),DF3(DNPO! ,DNP1,DNP2!1) @ k2
IgE(Fabo),DF3(DNPO! ,DNP1! ,DNP2) -> IgE(Fabe!1),DF3(DNP@! ,DNP1! ,DNP2!1) @ k2
IgE(Fabo),DF3(DNPO! ,DNP1,DNP2! ) -> IgE(Fabe!1),DF3(DNP@! ,DNP1!1,DNP2! ) @ k2
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Translating identically named sites

2. Rule(s) governing IgE crosslinking by DF3
BNGL:

IgE(Fab)+DF3(DNP,DNP!+) -> IgE(Fab!1).DF3(DNP!1,DNP!+) k2
Kappa:

IgE(Fabo),DF3(DNPO,DNP1! ,DNP2) -> IgE(Fab@!1),DF3(DNPO!1,DNP1! ,DNP2) @ k2
IgE(Fabo),DF3(DNPQ,DNP1! ,DNP2) -> IgE(Fab@!1),DF3(DNPO,DNP1! ,DNP2!1) @ k2
IgE(Fabo),DF3(DNPO,DNP1! ,DNP2! ) -> IgE(Fabe!1),DF3(DNPO!1,DNP1! ,DNP2! ) @ k2
IgE(Fabo),DF3(DNPO,DNP1,DNP2! ) -> IgE(Fabo!1),DF3(DNPO!1,DNP1,DNP2! ) @ k2
IgE(Fabo),DF3(DNPO,DNP1,DNP2! ) -> IgE(Fabe!1),DF3(DNPO,DNP1!1,DNP2! ) @ k2
IgE(Fabo),DF3(DNPO! ,DNP1,DNP2) -> IgE(Fabe!1),DF3(DNPO! ,DNP1!1,DNP2) @ k2
IgE(Fabo),DF3(DNPO! ,DNP1,DNP2) -> IgE(Fabo!1),DF3(DNPO! ,DNP1,DNP2!1) @ k2
IgE(Fabo),DF3(DNPO! ,DNP1! ,DNP2) -> IgE(Fabe!1),DF3(DNP@! ,DNP1! ,DNP2!1) @ k2
IgE(Fabo),DF3(DNPO! ,DNP1,DNP2! ) -> IgE(Fabe!1),DF3(DNP@! ,DNP1!1,DNP2! ) @ k2
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Simulation results

The complete model also includes fully independent unbinding

37000 — BNGL (NFsim) oor — BNGL (NFsim)
— Kappa (KaSim) L — Kappa (KaSim)
BNGL to Kappa and back o — BNGL (NFsim, trans.) o — BNGL (NFsim, trans.)

200

to BNGL translations result
In identical simulation
trajectories

e

o

(=]
||

Fully-bound DF3

(3

(=]

-
o

] 1 " 1 " 1 " 1 ] 1 " 1 ]
0 250 500 750 1000 250 500 750 1000

Time (s) Time (s)
0.40
0.30! B Kappa
> Bl BNGL (trans)
LC) 0.25} o
@ 0.20| All models also capture similar
D 0.15| aggregate size distributions
- 0.10}
0.05;
0.00 2 a4 6 8 10 12 14
# molecules in complex
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Additional considerations

Include Kappa tokens and BNGL populations

Integrate SBML multi extension, other languages
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Molecularity

BNGL operators enforce molecularity on pattern matching

N

A(x!+).B() => A y—x B
A(X!_):B() => z C
A(X!'+).B() =/> A . &

A(x!+)+B() =>
A(x! ),B() =>

Kappa rules do not (locality)

/0
> L:)?s Alamos W

AAAAAAAAAAAAAAAAAA

r for
near Studies

zp



Grammars

BNGL simple patterns

Kappa simple patterns

(pattern) ::= (empty) | (agent), [{*,’, (agent)}]
(agent) ::= (kName), ‘C, (siteList), ‘)’
(siteList) := (empty) | (site), [{*,’, (site)]]
(site) = (kName), (siteState), (bond)
(siteState) = (empty) | “~, (kName)

(bond) ::= (empty) | °1", (integer) | *!_7 | 7’

|[a-zA-Z_0-9]*
|la-zA-Z_0-94--]*

(pattern) ::= ‘0’ | (molecule), [{*.’, (molecule)}]

(molecule) ::= (bName), [ C, (compList) *)’]

(compList) ::== (empty) | (component), [{*,’, (component)}]

(component) ::= (bName), (compState), {compBond)

(compState) := (empty) | <7, (bName)

(compBond) := (empty) | 172" | 1+ | ‘1 {integer)

Useftul regular expressions

(integer) = [0-9]+
(bName) = |a-zA-Z
(kName) = |a-zA-7
(string) = .*

A

AN
» Los Alamos
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Grammars

BNGL simple rules

(uniRule) ::= [(bName), ‘:’], (patternList), ‘=>’, (patternList), (ws), (rate),
(newline)

(biRule) ::= [(bName), ‘:’|, (patternList), ‘<=>’, (patternList), (ws), (rate),
(rate), (newline)

(patternList) ::= (empty) | (pattern), ‘+’, (patternList)

(rate) ::= 7 an algebraic expression in BNGL syntax 7

Kappa simple rules

(uniRule) == [, (string), ], (pattern), ‘=>’, (pattern), ‘@, (rate), (newline)

(biRule) == [, (string), |, (pattern), ‘<=>", (pattern), ‘@, (rate), (rate),

(newline)
(rate) ::= (expression), [{’, (expression) ’}’]
(expression) ::= 7 an algebraic expression in Kappa syntax ?
(o2 cW\/
- Los Alamos
NATIONAL LABORATORY Cenfer for

EST.1943
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Part of a model of
pheromone signaling in
baker’s yeast

Readable?

Extensible?

» Los Alamos
NATIONAL LABORATORY
EST.1943

ODE functions:

d[Ste3] k4[Ste12acrtve]?
— = —kl[a — factor|[Ste2] + k2[Ste2acctve| — kT[Ste2] + P T — + kG
diStelacrive] _ kl[a — factor]{Ste2] — k2[Ste2qerive] — k3[Ste2aeqve
d[Sst2aertve] kd44[Stel2gec10e]?
= — k46[Sst2 b
dt k452 + [Stel2acetvc)? [S#t2acstoe]
d(G] % kQ[Stel?aclwe]2
kB[SlPanxlve“G! + kld[Gad![Crp’Yl + m - kl?[Gl + k11
d[Gat
& = k8|Ste2acrive][G] — K13[Gat] — K14[Gat][Sst2aemtve]
d|G o d
{d: l _ k13[Gat] + k14{Gat|[Sst26ectve] — k15[Gad)[Gay]
% = k8[Ste2,00qvel [G] — k15[Gad|[Gy7y] — k40[G 7] [Farippoy:] + kd1[Farlppou: G py|20 — k18]G 57][Ste20] + k19[G 4y Ste20)
520 _ _ 181G ][Ste20] + k19[G pySte20]
d[G gy Ste20]

= k18[G7][Ste20] — k19[GySte20] — k16[GyySte20] Bl + k17C1 — k16[Gxy Ste20] B2 + k1702 — k16[GyySte20] B3 + k1703 —

k16[G xy Ste20] B4 + k17C4 — k16[G 5y Ste20] BS + k1705 — k16[G 575te20)B6 + k17C6 — k16{G 575120 BT + k17CT — k16[(G 5y5te20) B8 +
E17C8 — k16[G 57 Ste20] BO + K17C9 — k16[G sy Ste20] B10 + k17010 — k16]GpySte20]B11 + k17C11 — k16{Gs75te20)B12 + k17C12 —

k16{G Y Ste20] B13 + k17C13 — k16[GyySte20] B14 + k17C14 — k16{G 575te20]B15 + k17C15 — k16{G 57y Ste20] B16 + k17C16 —

K16(Gyy Ste20| BIT + K17C17 — k16{GySte20| B18 + k1TC18 — k16|G 5y5te20| B19 + k17C19 — k16 Gh 57 Ste20| B20 + k17C20 —

K16[G 5y Ste20] B21 + k17021 — k16{GpySte20] B22 + k17022 — K16 Gpy5te20]B23 + k17023 — kIG[Gp'ysteQO}B?d + k17024 —

k16[G 5y Ste20] B25 + k17025 — k16[G57Ste20| B26 + k17026 — k16|G 5751e20,B27 + k17027

d[Stell
sistala]. Pl ki [StellpM APK KK — Pl+of fx ki (C2+C8+4C11+C12+4C15+ 020+ C22+023+C26+ B2+ BS+ B11+ B12+ B15+ B20+ B22+
B23+ B26)—onk k k [Ste11)(C4+C6+CT+C1+C16+C17+C18+C19+C5+ Ba+ B6+ BT+ B+ B16+ B17+B18+ B19+ B3)—k26(Ste11][Fus3ppout)
d[Ste11
distelly] —al i [Stellp)(IMAPK KK — Pl — [StellpM APKKK — P| — [StellppM APKKK — P|) + dlgxx |[StellpMAPKKK — P| +

dt
Prxk|StellppMAPKKK — P
d[StellpM APK KK — P _

dt
BIKKK[Slellpl([A'JAPKKK - P]o — [StelipM APKKK — P] — [StellppM APK KK — P]) — (dlkkk +p1KKK’)[StellpAlAPKKK - P]
d[Stell
# = —a2xxx|Stel1pp]((MAPKK K — Plo — [StellpM APKKK — P] — [StellppMAPKKK — P)) + d2xcx x [Stel1ppMAPKKK —
P] — a3x x [Stellpp|[SteT| + (d3xx + p3k x)[StellppSteT| — adx x [Stellpp|[SteTp] + (ddxk + pdxx)|StellppSteip| + * + of fxxx (C3+ C10 +
CO9+C13+ C14+ C21 4+ C24 + C25 + C27 + B3+ B10 + B9 + B13 + B1d + B21 + B24 + B25 + B27) — s * ong g [Stellpp|(C1 + C4 + C5 +

C6 + C7+ C16 + C17 + C18 + C19 + B1 + B4 + B5 + B6 + BT + B16 + BI7 + B18 + B19)
d[StellppM APK KK — P] _

dt
a2x k x [Stellpp|([MAPKKK — Plo — [StellpM APK KK — P} — [StellppM APK KK — P}]) — (@2xxx + P2x xx )[StellppM APKKK — P
d[SteT
{ — N a3k ([Ster][Stellpp] + Bk x [StellppStet] + plxx[SterpMAPKK — P| + of fxcx (Cd + C8+ €9 + C16 4 C19 4+ C20 + C1 +
€23+ 025+ Bd+ B8 + B9 + B16 + B19+ B20 + B21 + B23 + B25) —ongx [Ste?|(C1+ C2+ 03+ C6+ CT+C12+C134+ C14+ C15+ Bl +
B2 + B3 + B6 + BT + B12 + B13 + B14 + B15) — k24[Ste7|[Fus3gy,] + k25[Fus3,y, SteT]
d[Ste7Stellpp]

d|SteT,
distatn] — gf —alkx([MAPKK — Plo — [StetpM APKK — P) — [Ste7ppM APKK — P))[SteTp| + d1x x[SteTpMAPKK — P +
P33k x| StellppSteT| — ad i i [SteTp|[Stellpp| + dik i [StellppSteTp| + p2g i |SteTppM APK K — P)

SiSePMAERR 1 - alxx[Stevp|((MAPK K — Plo — [StetpM APK K — P| — [SteTppM APKK — P|) — (dixk +plxx)[SteTpM APKK — Pj

= a3k k[Stellpp|[SteT] — (d3k K + p3k Kk )[StellppSteT)

dt
d[SteTpStell
{Steipstalipy] adx i [Stellpp|[SteTp] — (ddx k + pdx i )[StellppStevp)

dt
d[Ster,
distetpp] _ —a2y x |SteTppl((MAPK K — P)y — [SteTpM APKK — P) — [SteTppM APKK — P)) 4 d2x 5 |Ste?ppM APK K — P} +

dt
Pk i |StellppSteTp| — a3k [SteTpp||[Fus3ou:| + (d3x + p3k )[SteTppF us3ou:] — adk |SteTpp)[Fus3poue| + (ddx + pdx)[SteTppFus3pouc| + * *
of fkxk (C34+C10+C11 +C‘l7+C?2+C?4+Bb+BlO+B“+Bl7+322+324)+ttoff;(K(CIB+C26+C'27+818+B26+827)—k?T(S!e?pp]

d[SteTppM APKK — P
{Stetrp 8 a2x k|SteTpp)([MAPKK — Pla—|StevpM APK K — P|—[SteTppM APK K — P])— (d2x k +p2x x ) [SteTppM APK K — Pj

M"—“ —a3y |SteTpp|[Fuslgy, | + d3x [SteTppFus3, g, | + pl i [Fusd3poy MAPK — Py, | + 0f f(C6 + C12 + C13 + C16 + CI17T + C20 +

dt
C21 4 €22+ C24 + B6 + B12+ B13 + B16+ B17+ B20 + B21 + B22 4 B24) — onx [Fus3ou:|(C1 + C2 + C3+ C4 +03+C8+C9+010+011 +
k32[Ste12400q0e)?

B1+ B2+ B3+ Bd+ B5+ BS+ B9 + B10+ B11) — k24[Ste7|[Fus3out] + k25[F us3ou: SteT] + k47[Fusdin) — k48[Fusdou] 4 —g—m——o
k52 + [5te120ms0c]?

d{Fus3ousStellpp] _ a3k [SteTpp|[Fuslout) — (d3x + p3x)[SteTppF usdout

d|F 3p :
us.
—{ 2 ‘] — -a]K{F ua3pq|“"1‘:!APl\' = Poull + dlK[F ua3pm.ul{APK = Poul] + P3K [St’e:ppj “83"\"] MKIS!e:FP]“ u£3ﬂou(]

dt
dd g [SteTppFuslpoye] + P2k [Fusdppous MAPK — Poy,
d[Fus3p,y MAPK — FPoy,| 3 .
= a1k [Fus3pout|[MAPK — Pou] — (d1x + plx)[Fus3pous MAPK — Poui|

dt
d[Fus3, STeT
AP us3Pour STETPP] _ 44, (Sterpp[Fusdpous] — (dhx + PAx)[SteTppFusipous]

dt
3
d[Fus3ppous] _ — 02 [Fu83pPou: ) IMAPK — Poy] + @24 [Fus3ppous MAPK — Poy,| + pd g [SterppFusdpou,] + + + of fx (C7+ C14 + C15 +

dt
C18 + C19+ 023 + C25 + C26 + C27 + BT + B14 + B15 + B18 + B19 + B23 + B25 + B26 + B27) + k49(Fus3ppin| — k50[Fus3ppou:)
d[Fus3ppous MAPK — Fou:]
= 02k [Fus3ppoy: |[MAPK — Pyy.] — (2 + P2k )[Fus3ppou MAPK — Foy,

dt
dMAPK — P,
M = —alk [Fus3pour|[MAPK — Pou:] + (dlk + plx )[Fus3pout MAPK — Pout] — a2k |[Fus3ppou:|[MAPK — Poue] + (P2x +

it
2
425 ) [Fus3ppou: MAPK — Poyy) + —k:f :ES[;?I‘;::iP
Gl L ““’3;:“5“71 = k24[SteT)[Fusoye] — k25[Fus3,y, Ster] Shao, D,, et al, (2006), Biophys J

Center for
Nonlinear Studies



Dynamical systems biology

Modeling protein interaction networks traditionally
done with ODEs or reaction networks

Two prominent Issues:

Encoding (knowledge representation)
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Combinatorial complexity

PDGF receptor

10 phosphorylation sites

210 possible states

P P
P P
P P
P—] P

P P

p— —P
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Combinatorial complexity

PDGF receptor

10 phosphorylation sites

210 possible states

P P
P P
P P : : :
P— _p Active receptor dimerizes
P— P
P— —P

E’%\j \E; >500,000 possible states
P P

/0
> L;?s Alamos W

AAAAAAAAAAAAAAAAAA

r for
near Studies

zp



