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— start with a basic motive of
reversible covalent modifcation

— oblan a rule-based version of the
%aang—Fére// mode/ of a protein
activation cascade L 21

— and Anally, recire owur cascade Zo

1/lwstrate hoeo eaéy 17 1S Co do So
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CAree types of agesnt's:

— a K1nase K,

- a Carget 7 with 2 pho ' sites x and Y,y and
- a phosphalase 7

e/ emenZ‘dry Z‘r{p/ e’

- K binds its Zarget 7 a site x or vy,

- K may (bect need not) phosphorylale Che site o
which i1 1s bownd,

—~ K dissociates #rom 7
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Gl o GR

variations on multi-pho s YSlens:

— processive Vs. distribudive
- Smart = "'é/, ~P Sensitive Vs. dumb
- S e?aeni ial VS. wnordered

— exC/usive Vs. collective
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3 Biefrs:
—- Kas -2 Kaf <- PP2A
— Bl =0 MEK < - PP2aA>2

— MEK =D £X5K <= MKP3

L eee— T

RAS(S182),RAF(z,) — RAS(S182!), RAF(x})
RAS(S1S2!), RAF(z}) — RAS(S1S2!), RAF (z:))
1

RAS(S1S2'),RAF(x!) — RAS(S1S2), RAF(x)

PP2A1(s)
PP2A1(s!
PP2A1(s!

)
)

RAF(z)) — PP2A1(s'),RAF(z})

) 5)
RAF(x,) — PP2A1(s'), RAF(x,,)
RAF(z') — PP2A1(s), RAF(x)

L eee—

T———

ERK

PP2A1

MEK

/ PP2A2

Raf

. )
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ERK

RAF (zp), MEK(S222,,) — RAF(z}), MEK(S222;,) .

RAF(z,), MEK (8222, ) — RAF(z}), MEK(5222))

RAF(x,),MEK(S222') — RAF(x,), MEK(S222)

RAF (xp), MEK(S218,) — RAF(z,), MEK(S218,,) .

RAF(z,), MEK(S218,) — RAF(z,), MEK(5218)) MEK

RAF(x,),MEK(S218') — RAF(x,), MEK(S218)
PP2A2(s), MEK(S222,) — PP2A2(s'), MEK(S222,) ;;Qpc%.@l/ PP2A
PP2A2(s!), MEK(S222]) — PP2A2(s!), MEK(S222]) et i
PP2A2(st), MEK(32221) — PP2A2(s), MEK(S222) i
PP2A2(s), MEK(S218),) — PP2A2(s'), MEK(S218)) S
PP2A2(s'),MEK(S218) — PP2A2(s'), MEK(S218)))
PP2A2(st), MEK(32181) — PP2A2(s),MEK(S218) PreAl

Ras
L T— ———— .
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5 G - tier 3

MEK (s, S218,, 5222,), ERK(T185,) — MEK(s', 5218, 5222,), ERK(T185])
MEK(s', $218),,8222,), ERK(T185,) — MEK(s', $218,,5222,), ERK(T185))
MEK(s!,S218,,8222,), ERK(T185') — MEK(s, S218,,S5222,), ERK(T185)
EK(s, $218,,5222,),ERK(Y187,) — MEK(s',S218,,5222,), ERK(Y187})
(s
(s

==

EK(s',8218,,5222,), ERK(Y187,) — MEK(s',6$218,,5222,), ERK(Y187,)
MEK(s!,S218,,8222,), ERK(Y187!) — MEK(s, S218,,S222,), ERK(Y187)

MKP3(s), ERK(T185,) — MKP3(s'), ERK(T185))
MKP3(s'), ERK(T185,) — MKP3(s'), ERK(T1851)
MKP3(s!), ERK(T185') — MKP3(s), ERK(T185)
MKP3(s), ERK(Y187,) — MKP3(s'), ERK(Y187})
MKP3(s'), ERK(Y187,) — MKP3(s'), ERK(Y1871)
MKP3(s!), ERK(Y187!) — MKP3(s), ERK(Y187)

MKP3

ul) @ |
35~p!l) @ |
DI

uh @ |
7~p'|)@|
D1

PP2A1

ERK

Raf

. )

MEK

PP2A2
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Ras(S|S2~gtp),Raf(x~u) -> Ras(S1S2~gtp!l),Raf(x~u!l) @ |
Ras(S1S2~gtp!l),Raf(x~u!l) -> Ras(S1S2~gtp!l),Raf(x~p!l) @ |
Ras(S|S2~gtp!I),Raf(x!I) -> Ras(S1S2~gtp),Raf(x) @ |
PP2A 1 (s),Raf(x~p) -> PP2AI (s!),Raf(x~p!l) @ |

PP2A | (s!1),Raf(x~p! ) -> PP2AI (s!I),Raf(x~u!l) @ |
PP2A 1 (s!1),Raf(x!l) -> PP2AI(s),Raf(x) @ |
Raf(x~p),MEK(S222~u) -> Raf(x~p!1),MEK(S222~u!l) @ |
Raf(x~p!l),MEK(S222~u!l) -> Raf(x~p!l),MEK(S222~p!1) @ |
Raf(x~p!l),MEK(S222!1) -> Raf(x~p),MEK(5222) @ |
Raf(x~p),MEK(S218~u) -> Raf(x~p!l),MEK(S218~u!l) @ |
Raf(x~p!l),MEK(S218~u!l) -> Raf(x~p!I),MEK(S218~p!l) @ |
Raf(x~p!l),MEK(S218!1) -> Raf(x~p),MEK(S218) @ |
PP2A2(s),MEK(S222~p) -> PP2A2(s! I),MEK(S222~p!l) @ |
PP2A2(s!1),MEK(S222~p!I) -> PP2A2(s!1),MEK(S222~u!l) @ |
PP2A2(s!1),MEK(S222!1) -> PP2A2(s),MEK(S222) @ |
PP2A2(s),MEK(S218~p) -> PP2A2(s!I),MEK(S218~p!l) @ |
PP2A2(s!1),MEK(S218~p! ) -> PP2A2(s!1),MEK(S218~u!l) @ |
PP2A2(s!1),MEK(S218!1) -> PP2A2(s),MEK(S218) @ |

MKP3

MEK (5,52 8~p,$222~p),ERK(T 185~u) -> MEK(s!|,5218~p,5222~p),ERK(T185~u!l) @ |
MEK(s! 1,52 18~p,5222~p),ERK(T 185~u! 1) -> MEK(s!,5218~p,5222~p),ERK(T |85~p!1) @ |
MEK(s!1,5218~p,$222~p),ERK(T185!1) -> MEK(s,5218~p,5222~p),ERK(T185) @ |

MEK (5,5218~p,S222~p),ERK(Y 187~u) -> MEK(s! 1,52 18~p,5222~p),ERK(Y 187~u! ) @ |
MEK(s!,5218~p,5222~p),ERK(Y 187~u! ) -> MEK(s! | 5218~p,5222~p),ERK(Y 187~p!1) @ |
MEK(s!1,5218~p,5222~p),ERK(Y 187!1) -> MEK(s,5218~p,5222~p),ERK(Y187) @ |

MKP3(s),ERK(T 185~p) -> MKP3(s! 1),ERK(T185~p! 1) @ |
MKP3(s!1),ERK(T 185~p! 1) -> MKP3(s! 1),ERK(T185~u! 1) @ |
MKP3(s!1),ERK(T185!1) -> MKP3(s),ERK(T185) @ |
MKP3(s),ERK(Y 187~p) -> MKP3(s! 1),ERK(Y 187~p! 1) @ |
MKP3(s!1),ERK(Y 187~p! 1) -> MKP3(s! 1),ERK(Y 187~u! 1) @ |
MKP3(s!1),ERK(Y 187!1) -> MKP3(s),ERK(Y187) @ |

N\
Vy

PP2A1

ERK

Raf

Ras

PP2A2

L7
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EK(S222,, s')

RAF(xp), MEK(s) — RAF (), MEK(s)

RAF(z}), MEK(s') — RAF(z,), MEK(s)
RAF(z,),MEK(S222,,5") — RAF(z,),M
RAF(z}),MEK(S218,, s') — RAF(z}), MEK(S218,, s")

PP2A2

——————

ERK




Ras(S1S2~gtp),Raf(x~u) -> Ras(S152~gtp!l),Raf(x~u!l) @ |
Ras(S1S2~gtp!l),Raf(x~u!l) -> Ras(SI1S2~gtp!l),Raf(x~p!l) @ |
Raf_op' Ras(SI1S2~gtp!l),Raf(x!l) -> Ras(S1S2~gtp),Raf(x) @ |
PP2AI(s),Raf(x~p) -> PP2AI(s!l),Raf(x~p!l) @ |
PP2AI(s!I),Raf(x~p!l) -> PP2Al (s!I),Raf(x~u!l) @ |
PP2AI(s!I),Raf(x!1) -> PP2A(s),Raf(x) @ |

Raf(x~p),MEK(s) -> Raf(x~p!l),MEK(s!l) @ |
Raf(x~p!l),MEK(s!l) -> Raf(x~p),MEK(s) @ |
Raf(x~p!),MEK(S222~u,s!l) -> Raf(x~p!l),MEK(S222~p,s!l) @ |
Raf(x~p!I),MEK(S218~u,s!l) -> Raf(x~p!l),MEK(S218~p,s!l) @ |
Raf(x~p),MEK(S222~u) -> Raf(x~p!l),MEK(S222~u!l) @ |
Raf(x~p!I),MEK(S222~u!l) -> Raf(x~p!l),MEK(S222~p!1) @ |
Raf(x~p!l),MEK(S222!I) -> Raf(x~p),MEK(S222) @ |
Raf(x~p),MEK(S218~u) -> Raf(x~p!l),MEK(S218~u!l) @ |
Raf(x~p!l),MEK(S218~u!l) -> Raf(x~p!I),MEK(S218~p!I) @ |
Raf(x~p!I),MEK(S218!l) -> Raf(x~p),MEK(S218) @ |

HHFEHHIEHR

PP2A2(s),MEK(5222~p) -> PP2A2(s! I),MEK(S222~p! 1) @ |
PP2A2(s!1),MEK(S222~p!|) -> PP2A2(s! I),MEK(S222~u! 1) @ |
PP2A2(s!1),MEK(S222!1) -> PP2A2(s),MEK(5222) @ |
PP2A2(s),MEK(S218~p) -> PP2A2(s! I),MEK(S218~p! 1) @ |
PP2A2(s!1),MEK(S218~p! 1) -> PP2A2(s! I),MEK(S218~u!1) @ |
PP2A2(s!1),MEK(S218!1) -> PP2A2(s),MEK(5218) @ |

JWA&%

MKP3

-/

MEK (5,52 18~p,5$222~p),ERK(T 185~u) -> MEK(s!1,5218~p,5222~p),ERK(T I185~u! ) @ |

MEK(s! 1,52 18~p,5222~p),ERK(T 185~u! ) -> MEK(s!1,5218~p,5222~p),ERK(T 185~p! ) @ |
MEK(s!,5218~p,5222~p),ERK(T I 85!1) -> MEK (5,52 18~p,5222~p),ERK(T185) @ | -
MEK (5,52 18~p,5222~p),ERK(Y | 87~u) -> MEK(s!1,5218~p,5222~p),ERK(Y 187~u! ) @ |
MEK(s!,5218~p,5222~p),ERK(Y 187~u! ) -> MEK(s!1,5218~p,5222~p),ERK(Y 187~p! ) @ |
MEK(s!1,5218~p,5222~p),ERK(Y |87!1) -> MEK (5,52 18~p,5222~p),ERK(Y 187) @ |

MKP3(s),ERK (T 185~p) -> MKP3(s! I),ERK(T185~p! ) @ |
MKP3(s!1),ERK(T 185~p!I) -> MKP3(s! 1),ERK(T185~u!l) @ |
MKP3(s! 1),ERK(T185!1) -> MKP3(s),ERK(T185) @ |
MKP3(s),ERK(Y 187~p) -> MKP3(s! I),ERK(Y 187~p!|) @ |
MKP3(s! 1),ERK(Y 187~p! 1) -> MKP3(s! 1),ERK(Y 187~u!l) @ |
MKP3(s!1),ERK(Y 187!1) -> MKP3(s),ERK(Y187) @ |
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