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Listing S4: A modular LBS-« insulin signalling model.

Tt iii™rd

// New agent definitions.

agent AS160 = new{gap};

agent Rabl0 = new{g}; // we use u/p instead of gdp/gtp.
agent FoxOl = new{S256, akt, T24, S319, pl433};
agent FoxO3A = new{S253, akt, pl433, T32};
agent FoxO4 = new{T28, akt, S193, pl433};

agent GSK3a = new{S21, a, glysyn};

agent GSK3b = new{a, glysyn, S9};

agent PDK1 = new{akt, PH, pkc};

agent PHLPP = new{PDZ};

agent PIP = new{three};

agent PP2A = new{B55a};

agent SIN1 = new{m, akt, ric};

agent mLST8 = new{m};

agent mTOR = new{l, heat, sin, fkb12};

agent FKB12 = new{m, rap};

agent rapamycin = new{fkbl2};

agent P1433 = new{foxo3a, foxo4, foxol, dum};
agent Glut4 = new{rab, loc:kappa(gsv pm), pkc, akt};
agent GEF = new{gef};

agent CK2 = new{glysyn};

agent GS = new{ST, STXXXST};

agent PPl = new{ins, glysyn};

agent Rictor = new{m2, sin, ml};

agent PKCz = new{pdkl, glut, T410};

agent IGF1 = new{igflr};

agent IGF1IR = new{Y1131, Y1136, Y1135, alpha, NPXY, ptp};
agent PTPIB = new{receptort};

agent IR = new{alpha, Y, NPXY, ptp};

agent IRS1 = new {Y, PTB, PH, pi3k};

agent IRS2 = new {Y, PTB, PH, pi3k};

agent PTEN = new{subs};

agent PI3K = new{pll0, subs, SH2p85};

agent Insulin = new{ir};

agent Akt = new{foxo3a, foxo4, foxol, subs, asl60, PH, T308, S473};

// a module for binding two agents.
module bind( agent a:{m}, b:{m} ) {
a{m} + b{m} — a{m!1}-b{m!1}

)

// a module for unbinding two agents.
module unbind( agent a:{m}, b:{m} ) {
a{fm!1}-b{m!1} — a{m} + b{m}

’

// a module for phosphorylating an agent with given binding.
module pho( agent a:{m} ) {

a{fm ule} — a{m ple}

5
// a module for phosphorylating an agent with no binding.
module pho2( agent s:{m} ) {

pho (s {m}: {m})

5
// a module for dephosphorylating an agent.

module depho( agent a:{m} ) {
a{m ple} - a{m ule}




72|| // a general module for binding, phos and unbinding, where

73|| // agent components are provided for individual reactions.

74|l // binding and phosphorylation is modelled here on separate

75| // sites, but can take place on the same site by instantiating

76|l // both s2 actuals to the same.

77|| module bpuO( agent kl:{m}, k2:{m}, k3:{m}, sl:{ml, m2}, s2:{ml, m2}, s3:{m} ) {
78 k1{m} + sl{ml7u'e, m2} — kl{m!1}-sl{ml " ule, m2!1} |

79 k2{m!1}-s2{ml7ule, m2!1} — k2{m!1}-s2{ml ple, m2!1} |

80 k3{m!1}-s3{m!1} — k3{m} + s3{m}

s1|| };

ss|| // plain bind-phosphorylate-unbind, all on same site.
s4|| module bpu( agent k:{m}, s:{m} ) {
85 bpu0( k:{m}, k:{m}, k:{m}, s:{m, m}, s:{m, m}, s:{m} )

s6|| }3

ss|| // a module to bind-phophorylate-unbind; binding on second site of substrate.
so|| // kinase is phosphorylated on binding site in first two rules.
90| module bpu2( agent k:{m}, s:{ml,m2} ) {

91 bpu0 (

92 k{m™p}: {m}, k{m™p}: {m}, k: {m} ,
03 s{ml}: {ml,m2}, s{ml}:{ml,m2}, s:{m2}
o5 };

o7|| // a module to bind-phophorylate-unbind; binding on second site of substrate.
os|| // kinase specifies an additional site in first rule only.
99|| module bpu3( agent k:{ml, m2}, s:{ml,m2} ) {

100 bpu0(

101 k: {m2}, k{ml1? }: {m2} , k{ml? }: {m2},
102 s{ml}: {ml,m2}, s{ml}:{ml,m2}, s:{m2}

104 }3

16| // a module to bind-phosphorylate-phosphorylate-unbind;

w7|| // substrate sites ml and m2 are modified, binding on m3.

18|l // kinase is phosphorylated on first two sites in binding rule.
100 || module bppu( agent k:{ml,m2,m3}, s:{ml, m2, m3} ) {

110 bind ( k{ml™p, m27p, m3}:{m3}, s{ml u, m27u, m3}: {m3}) |

111 pho(k{m3!1}-s{ml7u, m3!1}:s{ml}) |

112 pho(k{m3!1}-s{m27u, m3!1}:s{m2}) |

113 unbind ( k:{m3}, s:{m3} )

114 }s

115
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117|| // Modules for multi-rule dephosphorylation

I B
119

120(| // a general module for binding, dephos and unbinding, where
121|| // agent components are provided for individual reactions.
122|| // binding and phosphorylation is modelled here on separate
123(| // sites, but can take place on the same site by instantiating
124|| // both s2 actuals to the same.

125 || module bdu0( agent pl:{m}, p2:{m}, p3:{m}, sl:{ml, m2}, s2:{ml, m2}, s3:{m} ) {
126 pl{m} + s1{ml1”ple, m2} — pl{m!1}-s1{ml”ple, m2!1} |

127 p2{m!1}-s2{ml7ple, m2!1} — p2{m!1}-s2{ml7ule, m2!1} |

128 p3{m!1}-s3{m!1} — p3{m} + s3{m}

120 }3

131|| // a plain module to bind-dephos-unbind, all on same site.
132 || module bdu( agent ph:{m}, s:{m} ) {
133 bdu0( ph:{m}, ph:{m}, ph:{m}, s:{m, m}, s:{m, m}, s:{m} )

134 }3

136|| // a module to bind-dephos-unbind, all on same site,

137|| // but with phosphatase unphos in first two rules.

138|| module bdu2( agent ph:{m}, s:{m} )

139 bdu0( ph{m~u}:{m}, ph{m u}:{m™u}, ph:{m}, s:{m, m}, s:{m, m}, s:{m} )

140|| };




142]| // a module to bind-dephos-unbind, with an additional site in phosphatase.
143|| module bdu3( agent ph:{ml, m2}, s:{m} ) {
144 bdu0( ph{m27p}:{ml}, ph{m27p}:{ml}, ph:{ml}, s:{m, m}, s:{m, m}, s:{m} )

15| }3

147|| // a module to bind, dephos on four sites, and unbind.

ws|| // binding takes place on distint site (last substrate site).

149|| // fewer sites can be dephosphorylated by repeating actual parameters.

150 || module bddddu( agent ph:{m}, s:{ml,m2,m3,m4,m0} ) {

151 ph{m} + s{ml”p, m27p, m3"p, m4"p, m0} — ph{m!1}-s{ml”p, m2”p, m3"p, md"p, mO!'1} |
152 ph{m!1}-s{ml”p, m2"p, m3"p, mi"p, m0!1} — ph{m!1}-s{ml”u, m27u, m37u, mi"u, mO!1} |
153 ph{m!1}-s{m0!1} — ph{m} + s{mo0}

154 }3

156|| // a module to bind, and with dephos/unbind in same rule.

157 || module bd( agent ph:{ml, m2, m3}, s:{ml, m2} ) {

158 ph{ml™p, m27p, m3} + s{ml”u, m2} — ph{ml™p, m27p, m3!1}-s{ml”p, m2!1} |
159 ph{m3!1}-s{ml™p, m2!1} — ph{m3} + s{ml u, m2}

66| // a bind-unbind module; site on b is phosphorylated for binding.
167 || module bu( agent a:{x}, b:{y} ) {

168 a{x} + b{y " p} — a{x!1}-b{y7p!1} |

169 a{x!1}-b{y!1} — a{x} + b{y}

170l }s

172|| // a bind-unbind module with additional state on both agents.
173 || module bu2( agent a:{x, y, z}, b:{x, y} )

174 a{x"u, y, z} + b{x"p, yu} - a{x"u, y, z!1}-b{x"p, yTull} |
175 a{z!1}-b{y ull} — af{z!1}-b{y p!1}

176 || }

17s|| // two non-deterministic agents.

179|| agent GSK3 = (GSK3b: {glysyn, a, S9} or GSK3a:{glysyn, a, S21}) :: GSK3{glysyn, a, S};
1s0|| agent IRS = (IRS1:{PTB, Y, pi3k} or IRS2:{PTB, Y, pi3k}) IRS{PTB, Y, pi3k};

181

182 || /) mm e e e e e

183|| // Modules defining key components of the system.
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185 || module receptorActivation() {

1s6||  bpu2(IGF1R: {NPXY}, IRS:{Y, PTB}) |

187 bpu2(IR: {NPXY}, IRS:{Y, PTB})

1ss||  IGF1R{alpha} + IGF1{igflr} (- IGFIR{alpha!1}-IGF1{igfir!1} |
189 IR{alpha} + Insulin{ir} (- IR{alpha!l}-Insulin{ir!1} |

190

191 pho2 (IGF1R{alpha}: {Y1131}) |
102 pho2 (IGF1R{alpha}: {NPXY}) |
103||  pho2(IGF1R{alpha}:{Y1136}) |
194 pho2 (IGF1R{alpha}: {Y1135}) |
195 pho2(IR{alpha}: {Y}) |

106 pho2(IR{alpha}: {NPXY}) |

197

198 bddddu( PTPIB: {receptor}, IGFIR: {Y1131, Y1136, Y1135, NPXY, ptp} ) |
199 bddddu( PTP1B: {receptor}, IR: {NPXY, Y, Y, Y, ptp} )

200| }3

201
202 || module pipAktSignalling () {
203 module pipSignalling () {

204 bpu3( IRS{Y p}:{Y, pi3k}, PI3K:{pl110, SH2p85} ) |
205 bpu0(

206 PI3K{pl110~p, subs, SH2p85}: {subs},

207 PI3K{pl10~p, subs, SH2p85}:{subs},

208 PI3K{subs}: {subs},

209 PIP: {three, three},

210 PIP: {three, three},

211 PIP: {three}

212 ) |
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278

bdu( PTEN: {subs}, PIP:{three} ) |

bu(PDK1: {PH} , PIP: {three}) |
bu(Akt: {PH}, PIP:{three})

s

module aktSignalling () {
Akt{PH!1, T308 u}-PIP{three p!1} as a + PDKI{PH!?2, akt}-PIP{three p!2} as b — a(Akt{T308%e!4})
-b(PDK1{akt!4}) as c;
¢ — c¢(Akt{T3087ple}) |
Akt {T308!1}-PDKl{akt!1} — Akt{T308} + PDKl{akt} |

bind( SINL:{akt}, Akt{S4737u, T308 p}:{S473} ) |

SIN1{m!4, ric!3, akt!5}-Akt{S4737u!5}-Rictor{sin!3, m2!2, ml!1}-mLST8{m!6}-mTOR{sin!4, heat!l1,
1'6, fkb12!2} as ¢ {33} c(Akt{S4737ple}) |

unbind ( SIN1:{akt}, Akt:{S473} ) |

bdu (PP2A: {B55a}, Akt: {T308}) |
bdu (PHLPP: {PDZ} , Akt:{S473})

s

pipSignalling () |
aktSignalling ()

b

module gluconeogenesis() {
bppu (Akt: {T308, S473, foxo4}, FoxO4:{T28, S193, akt} ) |
bppu (Akt: {T308, S473, foxo3a}, FoxO3A:{T32, S253, akt} ) |

// phosphorylation of Fox01 by Akt is similar to the above, but

// there is an additional site which is phosphorylated in an

// additional rule.

bind ( Akt{T3087p, foxol, S4737p}:{foxol}, FoxO1{S2567u, S3197u, T247u, akt}:{akt} ) |
pho( Akt{foxol!1}-FoxO1{S2567u, akt!1l}: FoxO1{S256} ) |

pho( Akt{foxol!1l}-FoxO1{S2567p, T247u, akt!l}: FoxO1{T24} ) |

pho( Akt{foxol!1}-FoxO1{S2567p, S3197u, akt!1l}: FoxO1{S319} ) |

unbind ( Akt: {foxol}, FoxO1l:{akt} ) |

bd (FoxO4: {S193, T28, pl433}, P1433: {dum, foxo4}) |

bd (FoxO3A: {S253, T32, pl433}, P1433:{dum, foxo3a}) |

// the following are similar, but also dephosphorylates kinase!

FoxO1{S2567p, S3197p, T247p, pl433} + P1433{dum”u, foxol} — FoxO1{S2567u, S3197u, T247u, pl433!1
}-P1433{dum™p, foxol!1l} |

FoxO1{p1433!1}-P1433{dum™p, foxol!1} — FoxO1{p1433} + P1433{dum™u, foxol}

)

module glycogenSynthesis() {
bu2(GSK3: {S, a, glysyn}, GS:{ST, SIXXXST}) |

bind ( Akt{T3087p, subs, S4737p}:{subs}, GSK3{S"u, a}:{a}) |
pho( Akt{subs!2}-GSK3{glysyn!1l, a!2, STu}-GS{STXXXST!1}: GSK3{S} ) |
unbind ( Akt:{subs}, GSK3:{a} ) |

Akt{subs!2}-GSK3{glysyn!1l, a!2, S7p}-GS{STXXXST p!1} — Akt{subs!1}-GSK3{glysyn, a!l, S7p} + GS{
STXXXST p} |

bdu3 (PP1: {glysyn, ins}, GS:{STXXXST})
¥

module cellGrowth ()
mIOR{sin} + SIN1{m} (— mTOR{sin!1}-SIN1{m!1} |
mTOR{1} + mLST8{m} (— mTOR{1!1}-mLST8{m!1} |

SIN1{ric} + Rictor{sin} (— SINI{ric!4}-Rictor{sin!4} |
FKB12{rap} + rapamycin{fkb12} (— FKB12{rap!1l}-rapamycin{fkb12!1} |

// two more bindings between mtor and rictor:

mTOR{sin!1, fkb12, heat}-Rictor{sin!2, m2, ml}-SIN1{ric!2, m!'1} as ¢ — c(mTOR{fkb12!4, heat!3})(
Rictor{m2!4, ml!3}) |

mTOR{heat!1, fkb12!2}-Rictor{m2!2, ml!1} — mTOR{heat, fkb12} + Rictor{m2, ml} |




291

bind (FKB12{m, rap!1}-rapamycin{fkb12!1}: FKB12{m}, mTOR{fkb12, 1, heat, sin}:{fkbl12} ) |
unbind ( FKB12: {m} , mTOR: {fkb12} )
}s

module glucoseUptake() {
bpu3( PDK1{PH}: {PH, pkc}, PKCz: {T410, pdkl} ) |

Akt{as160, S4737p, T308 p} + AS160{gap~u!1l}-Rabl0{g u!1} — Akt{asl60!1, S4737p, T308 u}-AS160{
gap~u!l} + Rabl0{g u} |

pho( Akt{as160!1}-AS160{gap~u!l}: AS160{gap}) |

unbind ( Akt:{as160}, AS160:{gap} ) |

Akt{T308 p, S4737p} + PP1{ins~u} — Akt{T308 p, S4737p} + PP1{ins p} |

bind ( PKCz{glut , T410"p}: {glut}, Glut4d{loc gsv, pkc~u}:{pkec} ) |
pho( PKCz{glut!1}-Glutd4{pkc ull}: Glutd{pkc} ) |
unbind ( PKCz: {glut}, Glutd:{pkc} ) |

bind ( Rabl0{g"p}:{g}, Glut4{locgsv, rab, akt u}:{rab} ) |
pho( Rabl0{g™p!1}-Glutd{rab!1l, akt“u}: Glutd{akt} ) |
unbind ( Rab10{g7p}:{g}, Glut4d:{rab} ) |

bpu (CK2: {glysyn}, GS:{ST}) |

bpu (GEF: {gef}, Rabl0:{g}) |
bdu2 (AS160: {gap}, Rabl0:{g}) |

Glut4{loc gsv, akt™p, pkc™p} — Glut4{loc™pm, akt p, pkcTu}

// Main body of model with module instantiations.
A
receptorActivation() |

pipAktSignalling () |

gluconeogenesis () |

glycogenSynthesis() |

cellGrowth () |

glucoseUptake ()




