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Abstract

Insulin and insulin like growth factors play an important role in embryonic and postnatal
cell growth and they are also suspected to influence tumor growth. The aim of this thesis
is to present a biochemical reaction model of the insulin signaling pathway and use it to
simulate this system using different techniques like ordinary differential equations (ODE)
and stochastic simulate algorithms (SSA) under various conditions. From those result the
sensitive parameters can be extracted and their their effects explored. Finally the thesis
shows some guideline how those parameters in order to optimize the model under different
assumptions.
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1. Introduction

1.1. Insulin Induced Cell Growth

Insulin and insulin like growth factors play an important role in embryonic and postnatal
cell growth[2][7]. Besides that, they are also suspected to influence tumor growth. [6].

The cells reaction to insulin is handled by the insulin signal pathway. In order to un-
derstand this reaction, we would like to understand the biochemical processes forming this
pathway.

Out of experimental data collected by the group of Ernst Haven!, Rajesh Ramaswamy?
was able to generate a model of this pathway.

1.2. Biochemical Modeling of the Insulin Pathway

Insulin | High | Low
Foxo Low | High
Foxo-P | High | Low
4EBP-P | High | Low
4EBP Low | High
S6K Low | High
S6K-P | High | Low

Figure 1.1.: The behaviour of the steady concentration level of the most important output
species for varying insulin inputs. The suffix -P stands for the phosphorized
version of the protein

The biochemical reaction network behind the insulin signaling pathway can be modeled
as an open driven reaction system, consisting of 67 species and 132 elementary reactions. It
is weakly coupled, and we do not have any further information about reaction rates, fluxes
or populations.

The system is driven by the insulin input, given as the flux through the input reaction
rin.

The outputs of the system are the concentrations of the three species Forkhead box O3
(Foxo), 4E-BP1 (4EBP) and S6 kinease (S6K).

The general behaviour of the steady concentrations of those output species have already
been described [15] and can be seen in figure 1.1.

To determine the system behaviour more accurate we have to collect experimental data
by measuring the molecular concentration of different species for various insulin inputs. In
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order to optimize those measurements it is necessary to understand the system behaviour
as good as possible.



2. Model Refinements

The reaction network described so far bases on experimental data and has some defects that
need to be fixed.

2.1. Remove Elementary and Reversible Reactions

The model consists out of 132 elementary reactions. In order to get an broad overview over
the model behaviour, I converted those into non elementary reactions.

Now we can see that the model contains some duplicates (like reaction 713 is identical to
reaction 719 etc.) and several reactions have their reverse included in the system.

I removed all the duplicates and put the reversible reactions together.

2.2. Correct Source and Sink Reactions

Due to the conservation of mass every species consumed (or generated) has to be generated
(consumed). In the original model the 6 species ADP, Foxo, Lobe, TSC, PKBaa, and PIK3ka
were generated but not consumed.

Furthermore the species PKBal is consumed only if the concentration of TORC2a is high
enough, which might not be the case.

To model the process consuming those species I added 7 destruction reactions.

2.3. Modelling Errors

In the original model there was the reaction

InR2a + TORC2 — TORC2a (2.1)

Since InR2a, InR2 and InR1 are supposed to form a conserved moiety (thus none of them
is generated nor consumed, they are only transformed into each other, see chapter 3.1.1)
none of them can be used as a reactant. There are three possible corrections for this error

e The InRXes do not form a conserved moiety. Since they are not yet generated a source
reaction for at least one of them has to be added.

0 — InR2 (2.2)

e The reaction uses InR2a not as an reactant, but as a modifier, thus reaction 2.1 has
to be replaced with

InR2a + TORC2 — TORC2a + InR2a (2.3)



e The reaction do not use InR2a at all, thus reaction 2.1 has to be replaced with

TORC2 — TORC2a (2.4)

Since the correction 2 is the most likely, I replaced reaction 2.1 with 2.3.

2.4. The Behavior of S6 Kinease

We know from figure 1.1 that the population of S6 Kinease (S6K) should drop and the
population of S6Ka should increase for growing insulin input.
So far there are three reactions involving S6K

S6Ka — S6K (2.5)
S6K + TORCla — S6Ka + TORCla (2.6)
0 <« S6K 7)

Beside those there is only one additional reaction that involves S6Ka
TORC2a + S6Ka — S6Ka + TORC2 (2.8)

One can see from those reactions that at a steady state of S6Ka the flows through of the
reactions 2.5 and 2.6 has to be equal, therefore the steady concentration of S6K is defined
only by the reaction 2.7.

Since this reaction is constant the steady concentration of S6K has to be constant as well,
opposite to the perquisites expected in figure 1.1.

There are two ways how we can correct this error

e The reaction 2.7 is either wrong or has a far lower time scale that the rest of the
model. In both cases we can ignore the effects of this reaction for the time scale we
are interested in

e This reaction is correct but there is another reaction (possible an output reaction) that
consumes S6Ka.

S6Ka — 0 (2.9)

Since variant 1 is the most likely, reaction 2.7 has to be removed from the model.

2.5. Model Describing Language

In order to use standard tools to examine the model, it has to be brought into a standard
format. The most widely used format to describe biochemical networks is SBML[12] (Sys-
tems Biology Markup Language). SBML is a XML based format especially developed to
describe such networks. There are a lot of tool using SBML, including Cell Designer[5] and
the Systems Biology Toolbox for MATLAB[18].



2.6. Naming Conventions

To be able to distinguish between the different kinds of variables all the reaction name will
begin with a small r, followed by either a number or outXXX / inXXX if it is a in-/
output reaction of species X X X. If the reaction is opposite to another one, the name will
be followed by the suffix r.

The reaction rates for each reaction will be named after the reaction name followed by
a capital P, and eventually a number (if there are several reaction rates parameters for a
single reaction). The parameters of the reverse reaction will be followed by the suffix Rev.

Due to the technical limitations variable names starting with a number are causing prob-
lems. Therefore variable names starting with 4EBP will be renamed to X4EBP

2.7. Conclusions

The model after those transformations can be found in appendix B. It consists of 36 species,
56 reversible and 35 non reversible reactions.
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3. Network Overview

3.1. General Remarks

3.1.1. Conserved Moieties

There are several molecular subgroups that have a constant mass over time. Such subgroups
are called conserved moieties[3]. Given the stoichiometry matrix V with size [#species x
#reactions] the number of independent species is given by rank(V)[3].

For the model given the rank of the stoichiometry matrix is 35 and the number of species
38, so there have to be 3 dependent species. There are different possibilities how to choose
the dependent species (if the sum of populations of A and B is constant, you could either
claim that A is dependent of B, or B is dependent of A). A set of dependent rows in a
rank deficient matrix can be found using the LU decomposition[3]. For the model given the
dependencies can be expressed as

d d 1
%[ITLRQCL] = —g([lnlﬂ] — 5[[71]%1]) (3.1)

d d
5/[S6K] = —— [S6Ka] (3.2)

d d
Z[TORC2] = —— [TORC2d] (3.3)
(3.4)
So the sums

[S6K] + [S6K ] (3.5)
[TORC?2) + [TORC24) (3.6)
[[nR2a] + [InR2] + %[Ian] (3.7)

are constant over time, and are thus conserved moieties. I will denote them as InRX, S6KX
and TORC2X.

3.1.2. Species with Constant Concentration Levels

A species S has a constant concentration level Sconsr if the species is not involved as
reactant or product in any reaction with a nonzero flux while its concentration is SconsT.
If the species is involved only in a in-/output reaction

0+ S (3.8)

with a flux
Si - [S] * Sout (39)
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it has a constant level at Sconst = Sin/Sour. The species PTEN, GEF and PDK1 are
not involved as reactant or product in any other reaction that their input reaction and are
therefore constant.

The species Rheba, TORC1 and PIP2 are involved in other reactions than their input
reaction, namely

PIP2 + PI3Ka
PIP3 + PTEN
Rheba + TSCa
Rheb + GEF
TORC1 + Lobea
TORCla 4+ Rheba

PI3Ka + PIP3 (3.10)
PTEN + PIP2 (3.11)
TSCa + Rheb (3.12)
GEF + Rheba (3.13)
Lobea + TORCla (3.14)
Rheba + TORC1 (3.15)

(3.16)

Tl 1L

Since also Rheb,TORCla and PIP3 are not involved in other fluxes than those the flux
through reaction 3.10 and 3.10, 3.12 / 3.13 and 3.10 / 3.10 have to be equal at steady state,
since if they would not, the population of Rheb, TORCla or PIP3 would not be steady.
Therefore the concentration of Rheba, TORC1 and PIP3 at steady state has to be SconsT
defined by their input reaction, so they have a constant steady state concentration.

3.1.3. In- and Output Fluxes during Steady States

The insulin signaling pathway is not a closed system. At steady state there are 6 flows
interacting with the environment. Those can be seen in figure B where they are marked
with different colors

e The Insulin inflow is consumed by the InRX-cycle

InR2a — InR2 (3.17)
InR2 + Insulin — InR2a (3.18)

Due to the conservation of mass this cycle can be supposed to produce a unknown
by-product S, thus reaction 3.17 should be replaced with the reactions

InR2a — InR2 + S (3.19)
S = 0 (3.20)
(3.21)

but since S is not used in this model it can be left away.

e The chicoFlow through Chico, Chicoa and p60/p110, PI3K to PIK3K. On figure B
the chicoFlow is marked in red.

e The PKBFlow thought PKBI to PKB and then via PKBal or PKBa2 to PKBaa.
On figure B the PK BFlow is marked in green.

e The 3 Deactivation flows from Foxoa, TSCa and Lobea to Foxo, TSC and Lobea. On
figure B the deactivation flows are marked in different blue colors.
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3.1.4. Assumption on the ATP Level

Several reactions in the model consume energy by transforming ATP to ADP. Since I do not
assume the insulin signaling pathway to be a critical process in the energy household of a
cell, I assume the concentration of ATP not to drop significant if the insulin concentration
grows. Therefore I model the concentration of ATP as constant.

3.1.5. The Effects of Insulin Input

If the insulin input increases, the following happens in the system:

e A part of the mass in the conserved moiety of InRX transforms into InR2a. Since the
mass of InR2a cannot become bigger than the total mass in InRX, the concentration
saturates for high insulin inputs.

e A nonzero concentration of InR2a induces the chicoFlow through Chico, Chicoa and
PI3Ka. This flow not only increases the concentrations of Chicoa and PI3Ka, but also
decreases the concentrations of p110, p60, PI3K and Chico.

e A growing concentration of InR2a also causes the concentration of TORC2a to grow.
e A growing concentration of PI3Ka translates into a growing concentration of PIP3.

e A growing concentration of PIP3 induces the PK BFlow through PKBI, PKB to
PKBal, PKBa2 and PKBaa. The total mass of this flow is determined by the con-
centration of PIP3, the percentage that goes through PKBal and PKBa2 by the
concentration of TORC2a.

e A growing concentrations of the different active variants of PKB induces the deacti-
vation flows for the species TSC, Lobe and Foxo. This causes the concentration of
the active variants of those species to drop and the concentration of their deactivated
variant to increase.

e A dropping concentration of TSCa increases the concentration of Rheb. It also tem-
porarily drops the concentration of Rheba, but this levels out as described in chapter
3.1.2.

e A dropping concentration of Foxoa causes the concentration of 4EBPa to drop, this
again drops the concentration of 4EBP.

e A dropping concentration of Lobea has an influence on TORCla and a temporary
influence on TORC1. But since the reaction r51 is reversible is not clear whether this
influence is positive or negative. A change in the concentration of Rheba has the same
(unknown) effect, but since the concentration of Rheba only temporarily differs from
its constant steady concentration this influence is again only temporary.

e A growing concentration of TORCla causes a growing concentration of 4dEBPa. Due
to figure 1.1 we know that this has to be the case if the insulin input grows. Since
there are no other reactions that could cause this effect we can conclude that a drop-
ping concentration of TSCa increases the concentration of TORCla and drops the
concentration of TORCI.

e A growing concentration of TORCla causes the concentration of S6K to drop and the
concentration of S6Ka to grow.
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e A growing concentration of S6Ka drops the concentration of TORC2a and increases the
concentration of TORC2. This effect is opposite to the increase of TORC2a induced
by the growth of the InR2a concentration.

3.2. Division into Subsystems

For further analyzes I divided the system into three subsystems. This division can be seen
in figure B.

3.2.1. The Input-Subsystem

The input-subsystem works as a signal converter. It receives a signal (encoded in the insulin
input) and applies two transformations:

e The input range of insulin is open, thus there could be any (nonnegative) insulin input.
The input-subsystem transform this into a suitable range.

e The insulin input might be noisy and unstable. The input-subsystem smoothes out
fast changes

The outputs of the input-subsystem are the two concentrations (PIP3 and InR2a) in a
well defined range.
Note that InR2a reacts faster and less smooth on a change in the insulin input than PIP3.

3.2.2. The PKB-Subsystem

TORC2a

activateV Neactivates

PKBa2 Lobea
PKBaa TSCa

N A

deactivates

Figure 3.1.: The self regulating circle of TORC2a

The PKB-subsystem produces PKB (the amount depends on the concentration of PIP3)
and transforms this into its active (phosphorized) variants. PKB can be phosphorized us-
ing PDK1 (then denoted as PKBal), TORC2a (then denotes as PKBa2) or one after the
other (then denoted as PDKaa). Since the concentration of PDK1 is constant (see chapter
3.1.2) the percentage of PKB that is activated to those different forms depends only on the
concentration of TORC2a.

All those three variants induces the deactivation flows for Lobea, TSCa and Foxoa, but
we do not know which variant influences which species how fast.

However we know that a low concentrations of Lobea and T'SCa indirectly deactivates
TORC2a (done in the regulation-subsystem). Therefore we can assume that the species
activated by TORC2a especially deactivates those species, so that we get a self regulating
circle as can be seen in figure 3.1.
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The remaining concentration of the activated versions of Lobe, Foxo and TSC influences
the regulation-subsystem. The deactivated species have no further use and will be removed.

3.2.3. The Regulation-Subsystem

The regulation-subsystem controls the concentrations of TORC2a and the output species
4EBP and S6K. They are steered by the concentrations of the active variant of TSC, Lobe
and Foxo.

3.3. A Reduced Steady State Model

In order to do a first examination of the system behaviour on steady states, I tried to find a
simplified model that shows the same steady state behaviour as the model described so far.

3.3.1. Model Description

InR2a<L Ins

-+

—— > TORC2a PKBI

-+

PKB-System

S6Ka Lobea Foxoa
- +
+ +

TORC1a ——— > X4EBP «——— X4EBPa

-+

Figure 3.2.: The reduced steady state model. A plus indicated that a species grows if its
input does, a minus the opposite.

The reduced model does not need to include all species, since we are only interested in the

behavior of the output species Foxo, S6K and Lobe. The model should include the following
species:
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e The output species 4EBP, 4EBPa, Foxoa and S6K. Since S6Ka and S6K form a con-
served moiety, the concentration of S6Ka can be computed from the concentration of
S6K directly and there is no need to simulate it.

e The input species insulin

e To simplify the computations the intermediate species InR2a, PKBI, Lobea, TORCla
and TORC2a.

The resulting system can be seen in figure 3.2.

In order to find the relations between those species at steady state the equation system
0 o

—p=0 3.22

57 (3.22)

for the concentrations p can be solved analytically for every species in the model. This is

straight forward and I have done it in appendix A.2. However there were some relations

that were hard to compute:

e Ins — InR2a: The concentration of InR2a depends only on the concentration of Ins. If
we solve the equation system defined by the steady state hypothesis we can compute
the concentration for InR2a as

Ins x initInRX /2 r2P(Ins x (r2P + /)

12l + Ins 1P % (r2P + Ins x r2P)?

InR2a = (3.23)

This is nearly a Michaelis-Menten relation, but due to the quadratic kinetics of reaction
rl (two InR1 form one InR2a) there is this other (higher order) term. In order to
simplify this model further I approximate this with a Michaelis-Menten relation.

e In order to compute the influence of TORC2a and PKBI on the concentration of
Lobea and Foxoa I first compute the cumulated sum through the deactivation fluxes.
Therefore T need to compute the concentrations of the different PKB variants. In
appendix A.2 I show that those concentrations can be expressed as a broken rational
function of degree 2 (in TORC2a) and 1 (in PKBI). Therefore also the deactivation
flux (that is essential a weighted sum over those concentrations) can be expressed in
this way. For the concentrations of Foxoa and Lobe we can then use

input
output + deactivationFlow(TORC2a, PK BI)

concentration =

(3.24)

Now all this relations still have some parameters that have to be set. There is a total of
46 parameters in this system:

e 10 parameters are defining the concentrations of the species for maximal insulin input.
Since the system is scaling invariant, those parameters define the scale but do not
influence the system any further.

e 6 parameters are defining how far the concentration maximally drops (or increases) if
insulin grows to infinity.

e 5 parameters are defining the reactions rates of the source reactions into the systems
(for PKBI, Foxoa, TSCa, Lobea and 4EBPa).

e 25 Parameters are fully unknown and have to be guessed.

16



3.3.2. Simulation Results

The simulation results are showed in figure 3.3. As expected, the behaviour is similar to the
results of simulating the full model using ODEs (in chapter 5) or SSA (in chapter 7).
The exact computation and the parameter chosen can be found in appendix A.2.

17
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Simulation Output of the reduced steady state model
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Figure 3.3.: Simulation of the reduced steady state model
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4. Model Parameters

In this chapter I try to identify the variables of the model.
4.1. The Kinetic Law

600 -

500

400 -

300 - -

200 /

100 7

/ — — — Michaelis Menten
Linear Approximation

O I
No Insulin Max Insulin

Figure 4.1.: Linear approximation of Michaelis-Menten

Several reactions in the model are transitions of one species into another using a third as
modifier. One way to describe the kinetics of such a reaction is Michaelis-Menten[13].

Given the concentration of the species S and the concentration of the enzyme E the
kinetics of the reaction is given by

(4.1)
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Since I want to reduce the number of parameters, I am using the linear approximation
Flow = 9 (][] ~ u[S][E] (4.2)
K + (5]
with a constant reaction rate u. In order to find p it has to be approximated at a specific
point p. As we can see in figure 4.1 the approximation error is bounded as long we are below
this point, and grows to infinity if we get above.
As approximation point I use the steady state with maximum (infinity) insulin input. As

we saw in chapter 3.2.1 the system still saturates and we can be sure that we will never get
above this approximate point.

4.2. Dimension Analysis

4.2.1. Model Variables

If we assume linear kinetics as described in chapter 4.1 the 77 reaction rates are the system
variables.

Beside the rates the conserved moieties described in chapter 3.1.1 need to be filled with
an initial amount. Last but not least we have to define the size of the .

So there is a total of 81 variables in this system.

4.2.2. Buckingham II-Theorem

As described by the Buckingham IT Theorem [20] we can define the system by "number of
variables” minus "number of dimensions” independent dimensionless groupings.
The dimensions of the parameters in this model are

e For the reactor size: Size?
e For the initial filling of the conserved moieties: Mass x Size™3

e For dimension of the reaction rates depends on the number of inputs (reactants and
modifiers) of the reaction:

Masslf#InputsSizefi’;*#znputs * Timefl

Since this model uses Time, Space and Mass as dimensions, 78 parameters are enough to
describe the system.

4.2.3. A First Grouping
A dimensionless grouping can be found using E.S. Taylor’s method [20]:

e Multiply the initial fillings of the conserved moieties once and the reaction rates
#Input times with the reactor size and remove the reactor size as parameter.

e Choose one of the initial fillings and divide all other fillings once and the reaction rates
(1 — #input) times through this filling. Then remove the filling chosen.

e Choose one reaction rate and divide all the other reaction rates by this one. Then
remove it

This way we end up with 78 dimensionless parameters.

20



4.2.4. Disadvantages of the First Grouping

This simple dimensionless grouping has a big disadvantage: Each parameter influences the
whole system. So for example the reaction rates r2P and 72rP of the reactions r2 and r2r
both influences the steady concentrations of all species in the model. If we would use the
reaction rate r2P and the ratio r2P/r2r P between the reaction rates as variables instead,
only the ratio would influence the steady states, whereas r2P would determine how fast the
steady state will be reached.

We can come up with (nearly) infinitive possible groupings, and all might have their
advantages and disadvantages.

4.2.5. An optimized Grouping

I tried to find a grouping that uses a small number of parameters to describe the steady
states for all species. Therefore I came up with my own parameter grouping that uses as
often as possible the concentrations of a certain species for a given insulin concentration
(zero or infinity) as parameter. This has several advantages

e Due to the scaling invariance of this model (at least as long as we use ODE to simulate
is) those parameters have no influence on the other species.

e | can guarantee that the concentration of all species lies within a reasonable range.
e The concentration ranges of the species are similar, so they can be compared easily.

Besides this scaling parameters I try to isolate parameters that have no influence on the
steady states as described int he example in chapter 4.2.4.

Parameter Range Transformations

In order to end up in a valid model, I have to make sure that the reaction rates computed
out of my parameter set will be positive all the time. For some parameters this defines a
range within they have to be. Since I want the parameters to be valid for all nonnegative
values, I have to transform those parameter ranges.

If a parameter P4 is only valid in the range [upper, lower] it has to be replaced with the
parameter P, with
(upper — lower) % Ppey

Pnew

Now for every nonnegative choice of P, the parameter will lie within the valid range.

The parameter set and the description of a dimensionless grouping using this set can be
found in appendix A.1.

Poq =

+ lower (4.3)

4.3. Parameter Choice

Now we have to assign values to those parameters. I will do this so that the maximal
population is 100 for all species. If a species has a constant populations it should be 100.
Besides this all the reaction rates have to lie within the borders described in table 4.2.
Due to the dimension reaction done in chapter 4.2.5 I can choose the size of the reactor
arbitrarily. I chose it as 10760/ ~1.
The exact values values chosen for the other parameters can be found in appendix A.1.
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Number of reactants | Lower Boundary ‘ Upper boundary
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2 10* M1t g1 108 M—1 st

Figure 4.2.: Range of the reaction rates for different kind of elementary reactions as described
by [4]

4.4. Steady-State Analysis

Now I used those parameters to compute the reaction rates and then use those reaction rates
to find all possible steady states.
In appendix A.1 I show that the system is monostable for every insulin input.
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5. Simulation Using ODEs

The parameters described in chapter 4 can now be used to simulate the model using a
system of ordinary differential equations[17]. To do this simulation I used the Systems
Biology Toolbox for MATLAB [18] that is using the standard Matlab ODE solver.

5.1. Results

Results with 100% ATP Input

120
100
80
Foxo
5 Foxoa
g S6K
§ 60 S6Ka
o X4EBP
X4EBPa
40
20

0 Il Il Il Il Il Il Il J

Time x104

Figure 5.1.: Simulation result for the most important species
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The behaviour of the simulated concentration over time for the output species using the
parameters defined in chapter 4.3 can be seen in figure 5.1. As can be verified easily, the
model behaves as required in table 1.1.

5.2. The Effect of Different Insulin Inputs

Delta—T analyse of the insulin input and some important proteins

140

120+

100 F
c 80 Foxo
S Foxoa
g S6K
§ S6Ka
T gl XAEBP

X4EBPa

40+

20+

0 1 1 1 J

10~ 107 10° 10° 10"

Insulin input in percent

Figure 5.2.: Simulation result for different insulin inflows

As I showed in chapter 4.4 there is exactly one steady state for every insulin input. The
development of the steady concentrations for a growing insulin input can be seen in figure
5.2.

As expected in figure 1.1 there are 3 species with decreasing, and 3 with increasing pop-
ulations. Most of them behaves monotonous for raising insulin, only X4EBP shows its
maxima at a midrange insulin input. I further examine this behaviour in chapter 6.5.
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Due to the range transformation of the input-subsystem (described in chapter 3.2.1) the

system saturates for high insulin inflows.

5.3. The Influence of ATP

Results with 10% ATP Input
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1201

Results with 70% ATP Input

Foxo Foxo
s Foxoa | § Foxoa
k] S6K g S6K
2 ———S6Ka | 2 ——— SéKa
4 X4EBP | & X4EBP
X4EBPa X4EBPa
/
/
/
/
20 / o
/ _—
/ _—
/ "
/ -
/ =
0 = L L L L L L J ol L L L L L L L J
0 0.5 1 15 2 25 3 35 4 0 0.5 1 15 2 25 3 35 4
Time x 10° Time x10°
(a) Fixed ATP level of 10% (b) Fixed ATP level of 70%
Results with 150% ATP Input Results with 1000% ATP Input
500
450
400
350
Foxo 300r Foxo
5 Foxoa | § Foxoa
g S6K K S6K
g ——Séka | 2 20 —— SéKa
a X4EBP | a4 X4EBP
X4EBPa| 500l X4EBPa
150
100/
50
i T . . . . )

0.5 1 15 2 25 3 35 4
Time x 10"

(d) Fixed ATP level of 1000%

Figure 5.3.: Behaviour for different levels of ATP

In chapter 5.3 T assumed there is a fixed concentration of ATP in the system. But what

happens if the cell starves and the ATP concentration drops?

If we decrease the ATP-level, the system generally reacts slower and less intense on a
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change of insulin inflow. The concentrations of S6K and 4EBPa do not drop and the levels
of S6Ka and 4EBP do not increase as strong as for full insulin input.

If the ATP level is too small the level of S6Ka and 4EBP might not even become higher
than the level of S6K and 4EBPa. So for lower levels of ATP the system will not show the
behaviour defined in figure 1.1 any more.

If we increase the ATP-level in the cell the concentrations of S6Ka and 4EBP without
insulin present grows. For an ATP inflow high enough, the levels of S6Ka and 4EBP might
even be higher than the level of S6K and 4EBPa even if no insulin is present.

Thus in order for the system to work as defined in table 1.1 the concentration of ATP in
the cell has to be in a well defined range. If the concentration drops below this level the
concentration of the output species will not grow even for the highest insulin inflow, and if
the ATP level is to high the output species are already maximal if no insulin is present. In
between the ranges the level of ATP has a big influence on the sensitivity for insulin.
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6. A closer look at the influence of some
selected Parameters

6.1. Important Parameters for Steady State with no Insulin

From the set of parameters derived in chapter 4.2.5 we want to identify the parameters most
important for the behaviour of the output species.

If no insulin is present the populations of those species can be computed directly from the
parameters:

Foxoa = foxoaNoP

Fozo = 0

4AEBPa = XAEBPaMazx

4EBP = X4EBPMax (1 (6.1)
—  ((TORCRangeParameter + 1) x (LobeaDrop + 1))~1)

SGK = init SOk x T

S6Ka = initS6K — S6K

This is a direct consequence from the parameter choice.

6.2. Important Parameters for Steady State with Maximal
Insulin

TORC1al— S6K I<—’m
X4EBP

X4EBPa

Figure 6.1.: The influence of the parameters on the important species on the steady state
with maximal insulin input
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The populations for maximal insulin influence cannot be computed directly. To get them
one has to simulate the whole system. To detect the parameters that have an influence for
maximal insulin input I simulated the system with different values for each parameter and
check whether this change influences the steady population for any species. In figure 6.1
you can see all the parameters that have an influence on the steady state population of the
output species of figure 1.1. As you can see, there is only a small number of parameters that
influences this state. In this chapter I will have a closer look at them.

6.2.1. Scaling Parameters

Each of the output species needs a scaling factor, that defines the scale of the output. Since
the model is scaling invariant, those parameters do not have any further influence.

A special case are the species S6K and S6Ka. Since they form a conserved moiety, they
have only one scaling factor (initS6Ka).

initS6K

The parameter initS6K describes the total population of S6K and S6Ka. Since they form
a conserved moiety, this sum is constant. In figure 6.2 you can see how the populations of
S6K and S6Ka grow with initS6K.

foxoNoP

foxroNoP describes the population of Foxoa if there is no insulin present (thus the maximum
population of Foxoa). This parameters defines the scale of Foxoa. In figure 6.3 you can see
how the population of Foxoa grow with foroaNoP

maxFoxo

mazFoxo defines the maximal population of Foxo. This is the case if Foxoa is minimal,
thus all active variants of PKB are maximal.

Those variants will never be maximal at the same time, so this minimal population will
never be reached, but depending on the parameter choice it might get infinitely close.

In figure 6.4 you can see how Foxo grow with maxFozo.

X4EBPMax
XA4EBPMax defines the maximal population of 4EBP. In figure 6.5 you can see how 4EBP
grow with X4EBPMazx.

X4EBPaMax

X4EBPaMaz defines the maximal population of 4EBPa. In figure 6.6 you can see how
4EBPa grow with X4EBPaMax.

6.2.2. Parameters that Influences the PKB-Subsystem

We know that the active variants of PKB deactivates Foxoa, Lobea and TSCa, but we do
not know which variant deactivates which species how strong, nor do we know how much
of which variant will be produced. Unfortunately those two uncertainties could hide each
other (for example we could double the amount of PKBal but halve the sensitivity of Lobea
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for PKBal and would not notice any difference in the concentration of Lobea). Therefore it
is impossible to describe the dynamics of the PKB-subsystem by measuring only the output
species Foxoa, S6K and 4EBPa.

Parameters that Influences the Activation of PKB

First we want to examine the production of the PKB variants. The population of PKBal,
PKBa2 and PKBaa for different parameter choices are shown in figure 6.7.

As can be seen there, the parameters PK BDropT ORC?2aParameter and PK BalDrop-
TORC2aParameter have the biggest influence on the behaviour, and the parameters mazx-
PKBal and maxPK Ba2 on the scales of those species.

The influence of those parameters on Foxoa can be seen at figure 6.8. If maxPK Bal is
big, the influence of PKBal is bigger than the influence of maz PK Ba2. Since PKBal will
be present over proportionally when the insulin input is small (and therefore the population
of TORC2a is low) a bigger influence of PKBal results in a fast drop of Foxoa, but the drop
will not be that deep. If however the influence of PKBa2 is bigger, the drop will not be
that fast, but will go deeper for big insulin input, since for big insulin inputs the influence
of PKBa2 will be higher (due to the high population of TORC2a).

PKBDropTORC2aParameter

The parameter PK BDropTORC2aParameter describes the drop in the PKB population
if TORC2a becomes present. The population of PKB for maximal insulin and maximal
TORC2a can be expressed as

PKBDropTORC2aParameter

PKB
mae * PKBDropTORC2aParameter + 1

(6.2)

thus the lower the value of this parameter, the stronger the drop of PKB.

This parameters has not a big influence on the populations of PKBa2 and PKBaa since
their behaviour for high values of TORC2a is steered by the parameters maxPK Ba2 and
PK BaaT2a.

Thus only the behaviour of PKBal will be changed. If the value of PK BDropTORC2a-
Parameter is low enough, the drop will be that fast that the population of PKBal will
stay low, whereas for high values it will reach maxPK Bal for higher insulin inflows. This
behaviour can be seen in figure 6.9.

Due to the raising concentration of PKBal with raising level of PK BDropTORC2a-
Parameter the concentration of Lobea and Foxoa will be decreased. This can be seen in
figure 6.10.

But what happens for high values of this parameter? Foxoa will only reach its minima,
defined as

minFozxoa = foroaNo x FoxoaDrop/(FoxoaDrop+ 1) : (6.3)

for the parameters FoxoaDrop and foxoaNo, when the deactivation flow is maximal. The
maximal deactivation flow is computed as

alFoxo* maxPKBal + a2Foxo * marPK Ba2 + aaFoxo * maxPK Baa (6.4)

This maxima will never been reached, since PKBal and PKBa2 will never have its maximal
at the same time. But for intermediate values of PK BDropTORC2aParameter the error
of this approximation is low.
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So for high values of PK BDropT ORC2aParameter the error becomes big, and therefore
the concentration minFoxoa cannot be reached any more. This can be seen in the fast raise
in figure 6.10.

The dropping concentration of PKBal has an big influence on the levels of Foxoa and
Lobea. We could expect that the higher we choose the value of PKBDropTORC2a-
Parameter, and thus the lower the population of PKBal, the slower but deeper Foxoa
drops (as for maxPK Bal in chapter 6.2.2). If we look at figure 6.10 we can see this be-
haviour for small values of PK BDropT ORC2aParameter. But for big values the drop of
Foxoa becomes smaller again. This is due to a limitation of the model: In order to compute
the maximal drop of Foxoa I used

minFoxoaFlux = minFoxoa* maxATP
x  (r27P x maxPK Bal 4+ r30P * maxPK Ba2 (6.5)
+ 7r33P *marPK Baa)

to compute the induced deactivation flux of Foxoa. But since not all variants of PKB can
be maximal at the same time this formula is a upper bound instead of a exact computa-
tion. Therefore the minimal population of Foxoa (defined by the parameter foxoaDrop)
will never been reached. However, for small values of PK BDropTORC2aParameter this
approximation is quite good, only for big values the error causes a growing population of
Foxoa on figure 6.10.

PKBalDropTORC2aParameter

The parameter PK BalDropTORC2aParameter defines the drop of PKBal if we go from
zero to maximal TORC2a for maximal insulin input. Thus maxPK Bal describes the pop-
ulation of PKBal for no TORC2a but maximal insulin, and

PK BalDropTORC2aParameter

PKBal
max arx PKBalDropTORC2aParameter + 1

(6.6)

describes the population of PKBal for maximal TORC2a and maximal insulin input. If
we choose a bigger value for this parameter, the sensitivity of PKBal for TORC2a will be
reduced.

The effects of this on the population of PKBal can be seen in figure 6.7c, the effects on
Foxoa (for Lobe they are similar) in figure 6.11.

maxTORC2aParameter

The parameter maxTORC2aParameter defines the maximum populations of TORC2a.
Since a higher populations of TORC2a increases the populations of PKBa2 and PKBaa and
drop the populations of PKBal, the influence of maxTORC2aParameter is similar to the
influence of maxPK Ba2 in chapter 6.2.2. Thus a higher value of maxTORC2aParameter
will result in slower but stronger drop of Lobea and Foxoa as can be seen in figure 6.12.

6.2.3. The Deactivation Flux Weights

In order to quantify the influence of an active variant of PKB on one of the species Foxo, Lobe
and TSC I will define the deactivation weights alLobe, a2Lobe, aaLobe, alFoxo, a2Foxo,
aaFoxo, alTSC, a2TSC and aaTSC.

Those weights might hide the influence of the parameters described in chapter 6.2.2
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alFoxo, a2Foxo, aaFoxo

As can be seen in figure 6.13 a small value of alLobe causes a fast but not that deep drop
of Foxoa. This is caused by the fact that PKBal is mostly present if the insulin input is
small and therefore the populations of TORC2a is small (similar to maxzPK Bal in chapter
6.2.2). This behaviour can be seen in figure 6.13.

6.3. Parameters that Influence the Input-Subsystem

The parameters of the input-subsystem have no influence at the steady state with no or max-
imal insulin input, since then the populations of PIP3 will simply be to 0 or maxPIP3, but
they influences how fast this steady state will be reached and what happens for intermediate
insulin inflows.

6.3.1. Parameters that Influence the Effect of the Input-Subsystem on
intermediate Insulin Inputs

We know that PIP3 grows with a growing insulin input, and saturates at maxz PIP3 for high
inputs. But how fast? This would define the insulin range that has the maximal influence
on the system. The sensitivity of PIP3 on insulin is defined by three parameters

InR2Ratio

The parameters InR2Ratio defines the ratio between InR2 and InR2a for an insulin input
of 100 (this value is chosen arbitrarily, we could also define this ratio for any other nonzero
insulin input). This parameter defines how sensitive InR2a and therefore the whole system
reacts on a change of insulin inflow as can be seen in figure 6.14.

chicoDropParameter

The parameters chicoDropParameter defines how much Chico drops for a maximal insulin
input. The minimal populations of Chico can be computed as

chicoDropParameter
minimalChico = maximalChico * p

6.7
chicoDropParameter + 1 (6.7)

If the drop is small then Chicoa and therefore PIP3 reacts more sensitive on a change in
insulin input, as can be seen in figure 6.15.
InRXRatio

The parameter InRX Ratio describes the ratio between InR1 and InR2 if the insulin input
is 100. This parameters steers how sensitive InR1 and therefore InR2a reacts on a change of
the insulin inflow. This has an influence on the sensitivity on PIP3 as can be seen in figure
6.16

6.3.2. Parameters that Influences the Speed of the Input-Subsystem

Beside the sensitivity of the steady state of PIP3 the input-subsystem also defines how fast
this steady state will be reached. This is done by several parameters. This influence can be
seen in figure 6.17.
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6.4. Parameter that Influences the Rheba-Cycle

As states in chapter 3.2.3 Rheba has only one steady populations. But during a transition
between two steady states the populations of Rheba changes. The shape of this raise is given
by the parameter lengthrhebaraise. Its influence can be seen in figure 6.18

6.5. Parameter that Influences the Maximum of 4EBP

Most of the species have their maximum if insulin is either minimal or maximal. There are
two exceptions: PKBaa and 4EBP.

There are two species that influences the populations of 4EBP: 4EBPa and TORC1a. The
populations of 4EBP drops if one of them drops and increases if one of them increases.

If we add insulin to the system we see a drop in 4EBPa and an increase in TORCla. We
know from figure 1.1 that the population of 4EBP grows for high insulin inputs, thus for
high insulin inputs the influence of TORCla is stronger.

But for some insulin inputs Foxoa might get deactivated faster than Lobea, and therefore
TORCla will increase slower than 4EBPa decreases and the concentration of 4EBP will
drop for a growing insulin input.

In figure 6.19 you can see what happens with the 4EBP level for different values for
alLobe/al foxo.

32



Level of S6K for changing values of initS6K and Insulin

Level of S6Ka for changing values of initS6K and Insulin
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Figure 6.2.: The influence of the parameters initS6K on the populations of S6K and S6Ka
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Level of Foxoa for changing values of foxoaNoP and Insulin x 10
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Figure 6.3.: The influence of the parameter foxoNoP on the population of Foxoa
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Level of Foxo for changing values of maxFoxo and Insulin
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Figure 6.4.: The influence of the parameter maxz Foxo on the population of Foxo
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Level of X4EBP for changing values of X4EBPMax and Insulin
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Figure 6.5.: The influence of the parameter X4FEBPMax on the population of 4EBP
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Level of X4EBPa for changing values of X4EBPaMax and Insulin
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Figure 6.6.: The influence of the parameter X4FBPaMax on the population of 4EBP
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Level of PKBal for changing values of maxPKBal and Insulin
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Figure 6.7.: The influence of different parameters on the PKB variants



Population of Foxoa
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Figure 6.8.: The influence of maxPK Bal and maxPK Ba2 on Foxoa
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Level of PKBaL for changing values of PKBDropTORC2aParameter and Insulin Level of PKBa2 for changing values of PKBDropTORC2aParameter and Insulin
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Figure 6.9.: The influence of the parameter maxTORC2aParameter on the population of
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Level of Foxoa for changing values of PKBDropTORC2aParameter and Insulin
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Figure 6.10.: The influence of the parameter PK BDropTORC2aParameterl on the con-
centration of Foxoa
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Level of Foxoa for changing values of PKBalDropTORC2aParameter and Insulin
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Figure 6.11.: The influence of the parameter PK Bal DropTORC2aParameter on the pop-
ulation of Foxoa.
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Level of Foxoa for changing values of maxTORC2aParameter and Insulin
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Figure 6.12.: The influence of the parameter mazTORC2aParameter on the populations
of Foxoa.
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Level of Foxoa for changing values of alFoxo and Insulin Level of Foxoa for changing values of a2Foxo and Insulin
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Figure 6.13.: The influence of the parameters alFoxo and a2Foxo on the populations of
Foxoa.

44



Population of InR2a

Level of InR2a for changing values of INnR2Ratio and Insulin
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Figure 6.14.: The influence of the parameter InR2Ratio on the populations of InR2
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Level of PIP3 for changing values of chicoDropParameter and Insulin
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Figure 6.15.: The influence of the parameter chicoDropParameter on the populations of
PIP3
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Level of PIP3 for changing values of InRXRatio and Insulin
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Figure 6.16.: The influence of the parameter InRX Ratio on the populations of PIP3
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Figure 6.18.: The populations of Rheba for different parameter choices
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Level of X4EBP for changing values of alLobe/alFoxoa
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Figure 6.19.: The behaviour of the steady populations of 4EBP for different sensitivities of

Foxoa and Lobea to a changing insulin inflow.
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7. Simulation Using the Chemical Master
Equation

7.1. The Chemical Master Equation

We can define the state of a chemical system as the populations 7 = [n, ..., ng] of S different
species in the system. From the theory of chemical processes we know that this state cannot
evolve (...) with time as a purely deterministic process[19]. Therefore the populations of the
species for a given time must be viewed as random variable n; ; (the number of molecules of
species ¢ at time ).

The probability of a state 77 at time ¢ given the initial state 7y at time t; can then be
expressed as P (i, t|fig, to)-

This probability distribution evolve over time. We can define the derivative as[19]

M
0 i " S _ D 1l
aP(n,t\no,to) = E leuhu (T — v,)P(7L — vy, t|flo, to) — cuhy () P(f, |y, to))
p=1

Whereas v,,; is the change of the population of species i when the reaction p occurs
(stoichiometry), ¢, is the probability that a random selected combination of the reactants
of reactions p reacts (per unit time) and h,(7) is the number of distinct combinations of
the reactants of reaction p.

This equation is also called the chemical master equation, and it is the exact way of
describing a chemical process. The ODE model in chapter 5 ignores the non-deterministic
and discrete (the population of each species must be a natural number) nature of the process.

7.2. Short Overview over Different Simulation Algorithms

7.2.1. Exact Algorithms

Solving the chemical master equation analytically is usually not possible.[19] So in order to
find an estimate for the expected value of the random variables NN;; we could simulate the
system multiple times and calculate the mean.

The simulation of this process in normally been done with a variant of the Stochastic Sim-
ulation Algorithm (SSA, also called Gillespie or Bortz-Kalos-Lebowitz Algorithm, described
in [11]).

The main idea behind those algorithms is that we compute the propensities a,, = ¢, xh,, (i)
for the current state 7. The propensity is the probability that the reaction p happens per
unit time and then compute which reaction happens when. The exact algorithm can be
found in figure 7.1.

Since SSA is computationally expensive (for M reactions and N species you have to
update M + N values and compute 2 random variables per step, and the step size might be
very small) there are a number of modified version that increases the computation speed like
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L. at t=0 initialize 7 := 19, a, := ¢, x hu(f),a =3, ay.

2. Find the reaction happening next: Sample a random number r; uniformed distributed
between 0 and 1 and then find the smallest number fi that satisfies

3. Find the time when this reactions happens: Sample a random number 75 uniformed
distributed between 0 and 1 and then compute

T =—a"tIn(ry)

4. Update i =7 + v}, t =t — 7, recompute all a;, and a and continue at step 2 until you
reach the end of the desired time frame.

Figure 7.1.: The SSA algorithm

the first reaction method[10], Gilson-Brucks next-reaction method[8] or the Partial Density
Method[16]

7.2.2. Approximation Algorithms

Beside the exact, there are a number of approximation methods.

The 7-Leap method[9] uses a fixed time step size 7 and then estimates how many of each
reaction takes place in this step. Thus instead of recomputing the propensities after each
reaction recomputed only after a given time frame. The approximations is good as long as
the populations are big compared to the number of reactions that happen during one step.
The drawback of this method is that we have to compute a random variable for every species
in each time step, in order to compute how many reactions happened.

Another well known approximation method is the r-Leap Method[1]. There we do not
fix the time, but the number of reaction that has to happen, before the propensities will be
recomputed. Again one random variable per species will be needed to compute how many
of a specific reaction happed.

7.3. Simulate the System using StochPy

StochPy[14] (Stochastic modelling in Python) is a python package that provides several
stochastic simulation algorithms. I used it to simulate this system.

As claimed in chapter 3.1.2 the populations of the species PTEN, PDK1 and GEF are
constant. Furthermore I assume the population of ATP to be constant (as claimed in chapter
3.1.4). T will also use the population of insulin instead of the insulin input flux as input for
the system, so the population of insulin can also been assumed to be constant.

Those constant species and their in-/output reaction then do not have to be simulated
and this increases the speed of the SSA simulation. I also removed the species Lobe, TSC
and ADP, since they have no further use in the system.
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7.4. Simulation Results

X4EBPa

Foxoa Foxo Sé6Ka

S6K X4EBP

120 T T T T T

20— -

0 20 40 60 80 100 120

Figure 7.2.: The simulation result using SSA, using tau-leaping with ¢ = 0.01 and 20 trajec-
tories

The behaviour of the system can be seen in figure 7.2. As expected the system shows the
same overall behaviour as the ODE simulation.

7.5. Limitation of the SSA-Model
The SSA model has three limitations

e As described in chapter 4.1 T use normal kinetics, even if for some reactions Michaelis-
Menten Kinetics would be the more accurate choice.

e I use a fixed population of ATP (see chapter 5.3) and insulin even though those species
are only nearly constant.

e The real scales are unknown, but since in a SSA simulation the population of each
species have to be an integer value the scale matters.

33



8. Conclusions

8.1. Summary

In this thesis I presented a model of the insulin signaling pathway. I showed that this model
is consistent with the preexisting knowledge and provides useful results. Then I simulated it
using ODEs and the stochastic simulation algorithm for various parameter sets and showed
the influence of those parameters for some important output species. Those effects are
summarized in figure 8.2. In this chapter I come up with some guidelines to optimize the
parameter choice under certain assumptions.

8.2. Limitations of the Model

The model described in this thesis has the following limitations:

e The model and the simulation techniques assumes that all the reaction take part in one
homogeneous and well stirred reactor with constant conditions. Those assumptions
might not be fulfilled.

e The transformation on the models done in chapter 2 in order to enforce mass conser-
vation seems likely, but have to be verified.

e The kinetics are only approximative. As described in chapter 4.1 I used basic kinetics
even where Michaelis-Menten kinetics would be suited better. This approximation
allows it to describe the system with less free variables. In chapter 3.3.1 I show a
minimized model for the system using more accurate kinetics and as can be seen there
this model shows a similar basic behaviour as the basic kinetics approximation.

e All parameters have to be in a suitable range. I assumed all reaction rates to be in a
range defined in [4].

8.3. System Design

Under the assumption that a biological system is optimal, we can optimize the parameters
for some given data.

8.3.1. Insulin Input

First we have to decide on which insulin input range the system should be sensitive to. This
is defined by the parameter chicoDropParameter. The influence of this parameter can be
seen in figure 6.15. The higher we choose it, the more sensitive the system reacts on insulin
input.
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We can approximate the population of InR2a (see also chapter 3.3.1) as

Ins xinitInRX/2

100
InR2Ratio + Ins

PKBI =

and therefore if we want the system to show half of the maximal reaction on an insulin input
of Inqir we need to choose InR2Ratio as

100
half

InR2Ratio =
8.3.2. Smoothing out Fast Insulin Inputs

PIP3 level for different values of chicoDropParameter

120
100
80
™
o —
o 60 Insulin input
© H H chicoDropParameter=1
IS chicoDropParameter=10
k= chicoDropParameter=100
§. 40+ chicoDropParameter=1000
a
20+
0
_20 1 1 1 J
0 2 4 6 8

Time x 10*

Figure 8.1.: The population of PIP3 for oscillating insulin input, smoothed with different
values for parameter chicoDropParameter

We might want to have a certain amount of smoothing in the system. The smoothing
capability of the input-subsystem can be steered with the parameter chicoDropParameter.
As can be seen in figure 8.1 a high value for this parameter makes the system react slower
and therefore smoother.
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Besides chicoDropParameter there are also other parameter influencing this effect (like
PIP2Speed, PIP3Speed and chicoalns), but their influence will be hidden by chicoDrop-
Parameter.

8.3.3. The PKB-Subsystem

Then we have to define whether we want to have a fast or a strong effect on the output
species. This can be steered with the parameters maxPK Bal (a high value results in a
fast, but not that strong effect) and maxPK Ba2 (reverse influence).

We can also steer this for the species Foxoa, Lobea and TSCa individually through the
parameters aX Foxo, aX Lobe and aXTSC: A high value for the al parameter results in a
fast effect, a higher value in a2 and aa results in a strong effect.

8.3.4. The S6K-Cycle

Then we have to define the total scale of S6K. As we know the total molecular population
of S6K and S6Ka is constant. The total population is given in parameter initS6K. Thus
with this parameter we can define the scale of S6K and S6Ka.

Beside the scale we have to define the behavior of those two species. We know from figure
1.1 that if no insulin is present most of the total population is stored in S6Ka, and if insulin
becomes present this will change. Thus we can define two ratios

nitS6 K initS6 K
Tati0S6KNO = 77‘&'“:056[(]7’},8 ==
S6KNoInsul7Ln S6K]V[axTORC1a

The 2nd definition comes from the fact that a rising insulin input will increase the TORC1la
level. As we can easily verify both ratios have to be between 0 and 1. The first ratio is given
by the parameter ratioS6 K Noparameter. To ensure that the drop is below one I had to
apply a range transformation (see chapter 4.2.5)

ratioS6 K Noparameter

tioS6KNo :=
rato © ratioS6 K Noparameter + 1

The 2nd ratio cannot be chosen freely, since the maximal drop of S6K is defined by the
maximal raise of TORC1la. Now this raise is again bounded by the maximal drop of Lobea.
So lets start there.

The parameter LobeaDrop defines the maximal drop of Lobea (remember Lobea has its
maximum when no insulin is present). The minimal positive of Lobea is then

LobeaDrop

m * mal‘imumLObeaf

minimal Lobea =

From this and the fact that the reaction rate of reactions 750 and r51 needs to be positive
the maximum raise of TORCla is limited. We have

LobeaDrop

TobeaDrop + 1 x marimumTORCla < minimumTORCla (8.1)

mazimumTORCla > minimumTORCla (8.2)
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To fulfill this I introduced the parameter TORC1laRangeParameter. This parameter
defines where in this range minimumTORC1a lies

. _ TORClaRangeParameter .
minimumTORCla = TORCRange Parameter i1 * maximumTORC1la

1— TORCRangeParameter (8 3)
TORCRangeParameter+1 .

LobeaDrop -
m * max@mumTORC].a

+

Now due to the fact that the reaction rate of the reactions r54 and r54r are again non-
negative,this defines the 2nd S6K range

ratioS6KIns = ratioS6KNo* minimumTORC1la
/  (mazimumTORC1la — ratioS6K No (8.4)
*

(mazimumTORC1la — minimumTORC1a))
or using the parameters defined in this chapter

ratioS6K Ins ((TORCRangeParameter + 1)

(LobeaDrop + 1) — 1)

((ratioS6K Noparameter + 1) (8.5)
(TORC RangeParameter + 1)

(LobeaDrop + 1) — ratioS6 K Noparameter)

¥ % ~~ % ||

The exact computation can be found in appendix A.1.

8.3.5. Foxo and Foxoa

We also have to define the scale of Foxo and Foxoa. This can be done with the parameters
mazxFoxo and ForoaNoP (the amount of Foxoa if no insulin is present).

8.3.6. 4EBP and 4EBPa

As for Foxoa we can define the scale of 4EBP and 4EBPa with the parameters X4FEBPaM ax
and X4EBPMaz.

Furthermore the grow behaviour of 4EBP can be adjusted by changing the ratio between
the parameters alLobea and alFozoa as showed in figure 6.19.

8.4. Outlook
8.4.1. Model Refinement

There are still some uncertainties with the model used

e The model uses normal kinetics. Does the behaviour of the system change if we would
assume Michaelis-Menten kinetics?

e Are the transformations made in chapter 2 correct?

e The model is scale invariant. But as seen in chapter 7 this might no longer be the
case if SSA is used to simulate it. How does the scale influences the outcome of the
stochastic simulation?
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e [ assumed a homogeneous and well stirred reactor in which all the reactions take place.
What changes if we drop this assumption?

o I assumed the concentration of ATP to be constant over time (see chapter 5.3). But
how does the behaviour of the model change if this assumption is wrong and the
concentration drops significantly for growing insulin input?

8.4.2. Model Generation from Experimental Data

In chapter 8.3 I came up with some guideline how to choose the parameters in order to fit
the model to experimental data. So this data could now be used in order to refine the model.

8.4.3. Insulin Induces Cell Growth

In this thesis I showed how an insulin input influences the concentrations of S6K, 4EBP and
Foxo.

e How do those species regulate the cell grow, what other factors play a role in cell grow
and how do they interact with the insulin signaling pathway?

e If a cell does not get enough nutrients the cell growth will be paused. Is this effect
caused by the insulin signaling pathway and if yes how does a lack of nutrient influences
this system?

e How do the insulin like grow factors IGF-I and IGF-II influence the cell growth. Do
they use the same pathway and if yes who do they interact with it?

e How does the insulin reaction changes if the cell grows? As we know cells stop growth
with a certain size, but how does the cell size influence the insulin signaling pathway?
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Figure 8.2.: The influence of selected parameters on the model
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A. Code

A.1. Parameter Grouping

../maple/output.txt
\" /] Maple 13 (X86 64 WINDOWS)

o\ |/|-. Copyright (c) Maplesoft, a division of Waterloo Maple Inc.

All rights reserved. Maple is a trademark of
<____ ____> Waterloo Maple Inc.

Type ? for help.
# This file sets up a dimensionless grouping of the insulin pathway.
# It exports this grouping and some default values for all
# parameters to Matlab.
>
>
#Part 1: The grouping.
The first dimension that will be removed is the length.
This is done
implicitly , by choosing the dimension to 1,
and then use the total mass
instead of the concentrations...
The time and mass dimensions will be removed at the end...

Besides the dimensionless we also requires that the parameters are
valid for all positive values. This will require some variable
transformation

allSize := le—6:

VV V3R EEE

#Part 1.1: ADP/ATP-Circle
# We assume a fixed level of ATP, enforced by the routATP reaction.
> assign (solve ({

> rout ATPP * maxATP = routATPPRev
> },{routATPP})):
>

#Part 1.2: InRX—Circle
# There are the two reactions rl and r2. For maximal insulin
# input we
# define the rations InRXratio and InR2Ratio
> assign (solve ({
maxIns * routP 4+ maxIns * InR2max * r2P = routPRev,
InR2max * maxIns % r2P = InR2amax * r2rP,
InR1max"2 % rlrPRev = InR2max * rlrP
rlrPRev = InRXSpeed,
r2P = InR2Speed,
InR2amax / InR2max = InR2Ratio,
InRlmax / InR2max = InRXRatio,
InRlmax + 2 % (InR2max 4+ InR2amax) = initInRX
},{r2P,r2rP ,r1rP ,rirPRev,routPRev, InR2max, InR2amax, InRlmax})):

VVVVVVVVVYV

#Part 1.4: Chico—Flow
# Chico if insulin is present
> chicolns := chicoDropParameter / (chicoDropParameter + 1) % chicoNo:

60
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51

56

61

66

71

76

81

86

91

96

101

106

>
# If InR2a is maximal this should induce the maximal flow
# through Chico
assign (solve ({

routChicoP * chicoNo = routChicoPRev ,

chicolns * (routChicoP 4 r5P x InR2amax * maxATP)

= routChicoPRev
},{r5P, routChicoP, routChicoPRev}));

The maximal PI3K flow is given by the maximal flow through Chico.
maxPI3KFlow := chicolns % InR2amax * r5P % maxATP:

VVIHVVVVVYV

#Part 1.5: PI3K—Flow

r7rP , r6rPRev, routp60P, routpllOP have to be chosen so that the
flux through this reaction is bigger than maxPKBIFlow.

r7rP := (1 + r7rPParameter) % maxPI3KFlow / (chicoalns % PI3KIns):
r6rPRev := (1 + r6rPRevParameter) * maxPI3KFlow / (pl110Ins % p60Ins):
routp60P := (1 + routp60PParameter) x maxPI3KFlow / p60No:

routpl10P := (1 + routpllOPParameter) * maxPI3KFlow / pl110No:

assign (solve ({
# p60 and pll0 with and without insulin
p60No * routp60P = routp60PRev,
pl10No * routpll0P = routpllOPRev,
p60Ins * routp60P 4+ maxPI3KFlow = routp60PRev,
pl10Ins * routpl1l0P 4+ maxPI3KFlow = routpl1l0PRev,

# PI3K with and without insulin
PI3KNo * r6rP = p60No * pllONo * r6rPRev,
pl10Ins % p60Ins * r6rPRev = PI3KIns % r6rP + maxPI3KFlow,

# PI3Ka with max insulin (without this is zero)
maxPI3KFlow = maxPI3Ka % routPI3KaP ,

# Chicoa with max insulin (without this is zero)
chicoalns * r7rP % PI3KIns = maxPI3KFlow 4+ maxPI3Ka * r7rPRev

},{PI3KIns, pl110Ins, p60Ins, r6rP, r7rPRev, maxPI3Ka,
routpl10PRev, routp60PRev})):

VVVVVVVVVVVVVVVVVVVVVVYVYVYVIHik

#Part 1.6: PIP2/PIP3—Circle
# The speed of this circle is given by its input reaction and r9
> routPIP2PRev := PIP2Speed:
> r9P := PIP3Speed;
r9P := PIP3Speed

assign (solve ({
#PIP2 level is steady
PIP2s % routPIP2P = routPIP2PRev,

#PTEN level is steady
PTENs % routPTENP = routPTENPRev,

#PIP3 with maximal insulin input (with no input its zero)
PIP2s * maxPI3Ka x r9P = maxPIP3 % PTENs *x rl1l1P
}, {r11P, routPIP2P, rowtPTENP})):

VVVVVVVVVVVYV

#Part 1.7: The PKBI-System
# PKBIIns defined over a range parameter
> PKBIIns := PKBIDropParameter / (PKBIDropParameter + 1) x PKBINo:
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116

121

126

131

136

141

146

151

156

161

166

# PKB minimal (if Ins is max and TORC2a is max) defined over a range

# parameter
minPKB := maxPKB x PKBDropTORC2aParameter
/ (1 + PKBDropTORC2aParameter) :

The PKBal drop has to be smaller than the PKB drop..
minPKBal := maxPKBal x PKBalDropTORC2aParameter

/ (1 + PKBalDropTORC2aParameter)

*+ PKBDropTORC2aParameter / (PKBDropTORC2aParameter + 1):

assign (solve ({
#Defining the state of PKBI
PKBINo * routPKBIP = routPKBIPRev,
PKBIIns * routPKBIP = routPKBIPRev—maxPKBIFlow,
PKBIIns * maxPIP3 % r12P = maxPKBIFlow,

#Defining the state of PDKls
PDKl1s * routPDK1P = routPDKI1PRev,

#Defining the system if no TORC2a is present, thus
#PKB, PKBal is max,

#PKBa2 is zero

maxPKBIFlow = maxPKB * r15P x PDKls * maxATP,

maxPKBal * routPKBalP = maxPKB x rl15P % PDKls * maxATP,

#Defining the system if full TORC2a is present. Then
#PKB,PKBal is minimal
#(but not zero), PKBa2 is maximal and PKBa2 is in
#PKBa2T2a (we dont
#know)
maxPKBIFlow = minPKB % maxATP
* (rl5P % PDKls 4+ r18P x maxTORC2a) ,
minPKB % r15P % PDKls x maxATP

maxPKBa2 * r21P % PDKls * maxATP = minPKB % rl18P
* maxATP * maxTORC2a,

PKBaaT2a * routPKBaaP
= (minPKBal * r24P % maxTORC2a
+ maxPKBa2 * PDKls % r21P) * maxATP

},{r12P, r15P, r18P, r21P, r24P, rowtPDKI1P, routPKBIP,
routPKBIPRev, routPKBalP, routPKBaaP}));

Now we need to know the maximal level of PKBaa.
This is hard to say...
But we can give a upper bound
assign (solve ({
maxPKBaa * routPKBaaP
= maxPKBal * 124P x maxATP * maxTORC2a
+ maxPKBa2 * maxATP x PDKls x r21P
},{maxPKBaa}) ) ;

Part 1.8: Flows

r27P := alFoxo:
r30P := a2Foxo:
r33P := aaFoxo:
r35P := alLobe:
r37P := a2Lobe:
r39P := aalobe:

VVVVVVVHVVVVVVHHFHFHFKVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVIHVVYV

r41P := alTSC:
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> r43P := a2TSC:

> r45P := aaTSC:

>

#foxoaNo has to be at least 1 (there has to be foxoa...)
foxoaNo := foxoaNoP:

Compute the drops of TSCa, Foxoa and Lobea
minTSCa := TSCaNo * TSCaDrop / (TSCaDrop +1):
minLobea := LobeaNo % LobeaDrop / (LobeaDrop +1):
minFoxoa := foxoaNo % FoxoaDrop / (FoxoaDrop + 1):

assign (solve ({

#The flows for maximal PKBax, thus the minimal TSCa,
#Foxoa, Lobea
#Note that those value will not be reached, since PKBal,
#PKBa2, PKBaa
#cannot be maximal at the same time (and maxPKBaa is
#only a weak
#upper bound. So min????a are only a (weak) lower bound...
(maxATP * (r41P x maxPKBal + r43P * maxPKBa2

+ r45P % maxPKBaa)

* minTSCa + minTSCa * routTSCaP) = routTSCaPRev,
(maxATP % (r35P % maxPKBal + r37P % maxPKBa2

+ r39P * maxPKBaa)

* minLobea + minLobea * routLobeaP) = routLobeaPRev,
(maxATP * (r27P * maxPKBal + r30P % maxPKBa2

+ 1r33P * maxPKBaa)

* minFoxoa + minFoxoa * routFoxoaP) = routFoxoaPRev,

#The maxmial values of TSC,Foxo, Lobe (same note as as above)
(maxATP * (r41P * maxPKBal + r43P % maxPKBa2
+ r45P * maxPKBaa))
* minTSCa = maxTSC * routTSCP,
(maxATP % (r35P % maxPKBal + r37P * maxPKBa2
+ r39P * maxPKBaa))
* minLobea = maxLobe * routLobeP ,
(maxATP * (r27P % maxPKBal + r30P * maxPKBa2
+ r33P * maxPKBaa))
*+ minFoxoa = maxFoxo* routFoxoP ,

#The maximal values of TSCa,Foxoa, Lobea
TSCaNo * routTSCaP = routTSCaPRev,
LobeaNo * routLobeaP = routLobeaPRev,
foxoaNo * routFoxoaP = routFoxoaPRev

},{routFoxoP , routFoxoaP, routFoxoaPRev, routLobeP
routLobeaP , routLobeaPRev, routTSCP, routTSCaP, routTSCaPRev})):

VVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVIHVYV

#Part 1.9: Rheba—Circle
# The reaction r49P defines the strength of the rheba raise
> r49P := strengthRhebaRaise:

The length of the Rheba raise is defined by routRhebaPRev
routRhebaPRev := 1/lengthRhebaRaise:

assign (solve ({
#The level of GEF is steay
GEFs * routGEFP = routGEFPRev,

#The level of Rheba is steady
Rhebas % routRhebaP = routRhebaPRev,

VVVVVVVVIHV
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#Rheb if no insulin is presnet
TSCaNo * r47P % Rhebas = GEFs * maxRheb * r49P
},{r47P, routGEFP, routRhebaP})):

VVVVVV

#Part 1.10: TORCI-Circle

# The steady TORCla level is given by the function

# (note Rheba is steady

# to and therefore does not influnce the steady level of TORCla...)
> fTORCla := lobea —> TORCIls*(r50rPRev+Rhebast+r51rPxlobea)
/(r50rP«Rhebas+r51rPRevxlobea):

assign (solve ({
#The level of TORCl is steady
TORCl1s * routTORC1P = routTORCI1PRev,

#TORCla if Lobea is zero
#(note: This will never be the case...)

fTORCla(0) = TORClaZero,

#TORCla id Lobea is maximal
fTORCla(LobeaNo) = TORClaMin,

#TORCla if Lobea is minimal
fTORCla(minLobea) = TORClaMax

}, {r51rPRev, r51rP, r50rPRev, routTORC1P})):

VVVVVVVVVVVVVVVVVYV

#Part 1.11: Prequisites for the S6K circle
# 1 order to compute the parameters for the S6Ka circle we first
have to
define how much TORCla raises at maximal. We know that the reaction
rates have to be positive thus
sol := solve({r51rPRev > 0, r51rP > 0, r50rPRev > 0}, TORClaZero)
assuming (LobeaNo > minLobea, minLobea > 0, r50rP > 0,
TORCls > 0, Rhebas > 0, TORClaZero > TORClaMax,
TORClaMax > TORClaMin, TORClaMin > 0,
LobeaDrop < 1, LobeaDrop > 0);

VVVVV3FHk

TORClaMin TORClaMax
{- < TORClaZero }]

—LobeaDrop TORClaMin + TORClaMax LobeaDrop — TORClaMin

TORClaMin
LobeaDrop <

—TORClaMin + TORClaMax

TORC1laMin

[] , LobeaDrop =
—TORClaMin + TORClaMax

[] , otherwise
>

# In order for this to have a solutions we need the condition to be
# fulfilled
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> solve ({LobeaDrop < TORClaMin /(TORClaMax — TORClaMin) } ,{TORClaMin})
> assuming (TORClaMax > TORClaMin, TORClaMin > 0, LobeaDrop < 1,
> LobeaDrop > 0);
LobeaDrop TORClaMax
{TORClaMin < TORClaMax, < TORClaMin}
LobeaDrop + 1

>

# To fulfill this inequality let us introduce the

TORCRangeParameter>0

that shows us where in between lower and upper bound

TORClaMin is ...

TORClaMin :=
TORCRangeParameter / (TORCRangeParameter + 1) % TORClaMax +
(1 — TORCRangeParameter / (TORCRangeParameter + 1)) x
LobeaDrop * TORClaMax / (LobeaDrop+1):

If we now insert this to the solution form above lower bound for
TORClaZero and introduce the (positive) parameter
TORClaZeroParameter and get
TORClaZero := (1 + TORClaZeroParameter) * TORClaMin x TORClaMax

/ (LobeaDrop * TORClaMin — TORClaMax * LobeaDrop + TORClaMin) :

VVVVHFHRVVVVVIHIFi

#Part 1.12: S6K—Circle

# We define the ratio of S6K if no insulin ins present with an
# parameter

# (since this should be smaller than 1)

> ratioS6Kno := ratioS6KNoparameter / (1 + ratioS6KNoparameter):
>

# The speed of this circle is give by the reaction rb4P

> r54P := S6KaSpeed:

>

> assign (solve ({

#S6K without insulin

ratioS6Kno * initS6K x TORClaMin * maxATP % r54P
= (1 — ratioS6Kno) # initS6K = r54rP,

#S6K when TORCla is maximal
ratioS6Kins * initS6K x TORClaMax * maxATP * r54P
= (1 — ratioS6Kins) % initS6K =% r54rP
}, {r54rP, ratioS6Kins})):

VVVVVVVVVYV

#Lets see what we have for ratioS6Kins
> ratioS6Kins;
ratioS6 KNoparameter

(TORCRangeParameter LobeaDrop + TORCRangeParameter + LobeaDrop) /(

ratioS6 KNoparameter TORCRangeParameter LobeaDrop

+ ratioS6KNoparameter TORCRangeParameter + ratioS6KNoparameter LobeaDrop

+ TORCRangeParameter LobeaDrop + TORCRangeParameter + LobeaDrop + 1)

>

#Part 1.13: TORC2-Circle

# The speed of the TORC2a circle is given by the reaction rTORC2aP
> r'TORC2aP := TORC2speed:

>
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> assign (solve ({

> #TORC2a if S6K and InR2a are maximal

> InR2amax * (initTORC2 — TORC2amaxInsmaxS6Ka) # rTORC2aP
356 > = TORC2amaxInsmaxS6Ka * (1 — ratioS6Kins) % initS6K

> * 161P * maxATP,

> #TORC2a is maximal if InR2a is max, but S6Ka is minimal

> InR2amax * (initTORC2 — maxTORC2a) * rTORC2aP

> = maxTORC2a * (1 — ratioS6Kno) * initS6K * r61P * maxATP
361 > }, {r61P, TORC2amaxInsmaxS6Ka})):

>

# The maximal amount of TORC2a is a part of the total TORC2a

> maxTORC2a := initTORC2 *x maxTORC2aParameter

> / (1 + maxTORC2aParameter) :
366 >

#Part 1.14: 4EBP-Circle

# The speed of this circle is given by r56P

> r56P := X4EBPSpeed:

>
371 # Note: For any steady state the flow though r56 and r63r is equal...

> assign(solve ({

> #X4EBPa whith and without insulin

> X4EBPaMax * routX4EBPaP = routX4EBPaPRev + r62P x foxoaNo,

> X4EBPaMin * routX4EBPaP = routX4EBPaPRev + r62P x minFoxoa,
376 >

> #XAEBP with and without insulin

> X4EBPaMax * TORClaMin * r56P * maxATP = X4EBPMin * r62rP ,

> X4EBPaMin % TORClaMax * r56P * maxATP = X4EBPMax x r62rP

> }, {r62P, r62rP, X4EBPMin, routX4EBPaP})):
381 >

# Now we want routX4EBPaP to be positive

> solve ({routX4EBPaP > 0} ,{X4EBPaMin})

> assuming (routX4EBPaPRev > 0, FoxoaDrop > 0);

FoxoaDrop X4EBPaMax
386 { < X4EBPaMin}
FoxoaDrop + 1

>
# But also X4EBPaMin < X4EBPaMax... Thus we can assign to X4EBPaMin
X4EBPaMin := X4EBPaMax

* FoxoaDrop / (FoxoaDrop + 1)

* (((FoxoaDrop 4+ 1) / FoxoaDrop —1)

+ X4EBPaDropParameter / (X4EBPaDropParameter + 1) + 1):

391

VVVVYV

396 #Part 2: Make the grouping dimensionless
# To make this grouping dimensionless we have to examine the
# dimensions of each parameter...

T
-1
-1
-1

=

# routATPPRev
401 # routADPP

# routP
maxIns
initInRX
InR2Ratio
InR2Speed
InRXRatio
InRXSpeed
chicoDropParameter
chicoNo
r6rPRevParameter
chicoalns
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416

421

426

431

436

441

446

451

456

461

466

471

# routChicoP

# routp60PParameter
# routpll0PParameter
# r7rPParameter

# routPI3KaP

# PTENs

# PIP2Speed

# routPTENPRev

# maxPIP3

# PIP3Speed

# PKBIDropParameter
# PKBINo

# maxPKB

# PDKls

# maxPKBal

# PKBalDropTORC2aParameter

# maxPKBIFlow

# PKBDropTORC2aParameter

# PKBaaT2a
# maxPKBa2
routPDK1PRev
FoxoaDrop
LobeaDrop
TSCaDrop
TSCaNo
LobeaNo
foxoaNoP
alFoxo
a2Foxo
aaFoxo
alTSC
a2TSC
aaTSC
alLobe
a2Lobe
aaLobe

FE IR

# Rhebas

# maxRheb

# strengthRhebaRaise

# lengthRhebaRaise

# routGEFPRev

# TORClaMax

# TORClaZeroParameter
# TORCRangeParameter

# r50rP

# TORCls

# routTORC1PRev

# X4EBPaMax

# X4EBPaDropParameter
# X4EBPMax

# routX4EBPaPRev

# initS6K

# ratioS6KNoparameter
# X4EBPSpeed

# initTORC2

# TORC2speed

# S6KaSpeed

-1
-1

-1
-1
-1
-1
-1
-1
-1
-1
-1

-1

-1

-1
-1
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481
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491

496

501

506

511

516

521

526

531

#
#
#
#
#
>

#

maxTORC2aParameter
maxATP

maxFoxo

maxLobe

maxTSC

el

Now I will use E.S. Taylors Method to remove dimensions. First

lets

# remove the time using lengthRhebaRaise (thus simply multiply all

#

VVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVYVHIHHk
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variables that have a —1 in time by lengthRhebaRaise.
Then remove the

time by removing maxIns. Thus will lead in to a dimensionless
grouping:

grouping := |

routATPPRev / maxIns "2 / lengthRhebaRaise,
routADPP / maxIns / lengthRhebaRaise,
routP % maxIns”2 / lengthRhebaRaise,
initInRX / maxIns,

InR2Ratio ,

InR2Speed / lengthRhebaRaise,

InRXRatio,

InRXSpeed / lengthRhebaRaise,
chicoDropParameter ,

chicoNo / maxIns,

r6rPRevParameter ,

chicoalns / maxlIns,

PI3KNo / maxIns,

routChicoP / maxlns,

p60No / maxlIns,

pl10No / maxlIns,

routp60PParameter ,

routpllOPParameter ,

r7rPParameter,

routPI3KaP / maxIns / lengthRhebaRaise,
PTENs / maxIns,

PIP2s / maxlIns,

PIP2Speed / maxIns”2 / lengthRhebaRaise,
routPTENPRev / maxIns®2 / lengthRhebaRaise ,
maxPIP3 / maxlIns,

PIP3Speed / lengthRhebaRaise,
PKBIDropParameter ,

PKBINo / maxlIns,

maxPKB / maxlIns,

PDKl1s / maxIns,

maxPKBal / maxlIns,
PKBalDropTORC2aParameter,

maxPKBIFlow / maxIns“2 / lengthRhebaRaise,
PKBDropTORC2aParameter ,

PKBaaT2a / maxIns,

maxPKBa2 / maxlIns,

routPDK1PRev / maxIns”2 / lengthRhebaRaise,
FoxoaDrop,

LobeaDrop,

TSCaDrop,

TSCaNo / maxlIns,

LobeaNo / maxlIns,

foxoaNoP / maxlIns,

alFoxo * maxIns / lengthRhebaRaise
a2Foxo * maxIns / lengthRhebaRaise,
aaFoxo * maxIns / lengthRhebaRaise ,

alTSC * maxIns / lengthRhebaRaise ,

a2TSC * maxIns / lengthRhebaRaise ,



536

541

546

551

556

561

566

571

576

581

586

591

aaTSC * maxIns / lengthRhebaRaise ,

alLobe * maxIns / lengthRhebaRaise
a2Lobe * maxIns / lengthRhebaRaise,
aalLobe * maxIns / lengthRhebaRaise,

GEFs / maxlIns,

Rhebas / maxlIns,

maxRheb / maxIns,

strengthRhebaRaise / lengthRhebaRaise ,
routGEFPRev / maxIns"2 / lengthRhebaRaise,
TORClaMax / maxlIns,

TORClaZeroParameter ,

TORCRangeParameter ,

r50rP

TORCls / maxlIns,

routTORC1PRev / maxIns”2 / lengthRhebaRaise,
X4EBPaMax / maxlIns,

X4EBPaDropParameter ,

X4EBPMax / maxlIns,

routX4EBPaPRev / maxIns”2 / lengthRhebaRaise,
initS6K / maxIns,

ratioS6 KNoparameter ,

X4EBPSpeed * maxIns / lengthRhebaRaise,
initTORC2 / maxlIns,

TORC2speed / lengthRhebaRaise,

S6KaSpeed * maxIns / lengthRhebaRaise,
maxTORC2aParameter ,

maxATP / maxIns,

maxFoxo / maxlIns,

maxLobe / maxlIns,

maxTSC / maxIns]:

But to evaluate the influence of a specific parameter it sometimes
easier to use the non—dimensionless grouping...

FHRVVVVVVVVVVVVVVVVVVVVVVVVVVVVVYVYV

>

#Part 3: Export the grouping to Matlab

Note: Those groupings are not dimensionless. For such groupings see
part 2

with (CodeGeneration) :
fffwith (linalg):

Export formulas to compute the reaction rates from the parameters

reactionRates := Matrix ([r11P, r12P, r15P, r18P, rlrP, rlrPRev, 2P,
r21P, r24P, r27P, r2rP, r30P, r33P, r35P, r37P, r39P, r41P, r43P,
r45P , r47P, r49P, r5P, r50rP, r50rPRev, r51rP, r51rPRev, r54P,

routP, routPRev, routATPP, routATPPRev, routChicoP ,
routChicoPRev, routFoxoaP , routFoxoaPRev, routGEFP, routGEFPRev,
routLobeaP , routLobeaPRev, routPDKI1P, routPDK1PRev, routPIP2P
routPIP2PRev, routPKBIP, routPKBIPRev, routPTENP, routPTENPRev,
routRhebaP , routRhebaPRev, routTORCI1P, routTORC1PRev, routTSCaP,
routTSCaPRev, routX4EBPaP, routX4EBPaPRev, routpllOP,
routpl10PRev, routp60P , routp60PRev, routFoxoP, routLobeP ,
routADPP, routTSCP, routPKBaaP, routPKBalP, routPI3KaP ,
r'TORC2aP, allSize]):

Matlab (reactionRates) ;

VVVVVVVVVVVVVVIVVVYVIkI

cg
/ (chicoDropParameter + 1) maxPKBIFlow % (PKBIDropParameter + 1) /

PKBIDropParameter / PKBINo / maxPIP3 maxPKBIFlow / maxPKB / PDKls /

r54rP , r56P, r61P, r62P, r62rP, r6rP, r6rPRev, r7rP, r7rPRev, r9P,

[PIP2s * routChicoP # chicoNo x PIP3Speed / maxPIP3 / PTENs / routPI3KaP

maxATP maxPKBIFlow / maxPKB / PKBDropTORC2aParameter / maxATP / initTORC2

/ maxTORC2aParameter * (1 + maxTORC2aParameter) InRXRatio ~ 2 = initInRX
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/ (InRXRatio + 2 + 2 % InR2Ratio) * InRXSpeed InRXSpeed InR2Speed
maxPKBIFlow / maxPKBa2 / PDKls / maxATP / (1 + PKBDropTORC2aParameter)
maxPKBIFlow / maxPKBal / PKBalDropTORC2aParameter / maxATP / initTORC2 /
maxTORC2aParameter * (1 + maxTORC2aParameter) alFoxo maxIns * InR2Speed /
InR2Ratio a2Foxo aaFoxo alLobe a2Lobe aaLobe alTSC a2TSC aaTSC GEFs x
maxRheb # strengthRhebaRaise / TSCaNo / Rhebas strengthRhebaRaise
(InRXRatio + 2 + 2 x InR2Ratio) * routChicoP / chicoDropParameter /
InR2Ratio / initInRX / maxATP r50rP (1 4+ TORClaZeroParameter) =
(TORCRangeParameter / (TORCRangeParameter + 1) s TORClaMax + (1 —
TORCRangeParameter / (TORCRangeParameter + 1)) % LobeaDrop % TORClaMax /
(LobeaDrop + 1)) % TORClaMax / (LobeaDrop # (TORCRangeParameter /
(TORCRangeParameter + 1) % TORClaMax + (1 — TORCRangeParameter /
(TORCRangeParameter + 1)) % LobeaDrop x TORClaMax / (LobeaDrop + 1)) —
TORClaMax % LobeaDrop + TORCRangeParameter / (TORCRangeParameter + 1)
TORClaMax + (1 — TORCRangeParameter / (TORCRangeParameter + 1)) =
LobeaDrop % TORClaMax / (LobeaDrop + 1)) % r50rP / TORCls —r50rP % Rhebas
* (—(1 + TORClaZeroParameter) * (TORCRangeParameter / (TORCRangeParameter
+ 1) * TORClaMax + (1 — TORCRangeParameter / (TORCRangeParameter + 1)) =x
LobeaDrop * TORClaMax / (LobeaDrop + 1)) °~ 2 % TORClaMax / (LobeaDrop =
(TORCRangeParameter / (TORCRangeParameter + 1) * TORClaMax + (1 —
TORCRangeParameter / (TORCRangeParameter + 1)) % LobeaDrop x TORClaMax /
(LobeaDrop + 1)) — TORClaMax x LobeaDrop + TORCRangeParameter /
(TORCRangeParameter + 1) % TORClaMax + (1 — TORCRangeParameter /
(TORCRangeParameter + 1)) * LobeaDrop * TORClaMax / (LobeaDrop + 1)) =
LobeaDrop + (1 4+ TORClaZeroParameter) x (TORCRangeParameter /
(TORCRangeParameter + 1) % TORClaMax + (1 — TORCRangeParameter /
(TORCRangeParameter + 1)) * LobeaDrop x TORClaMax / (LobeaDrop + 1)) =x
TORClaMax "~ 2 / (LobeaDrop * (TORCRangeParameter / (TORCRangeParameter +
1) x TORClaMax + (1 — TORCRangeParameter / (TORCRangeParameter + 1)) =
LobeaDrop % TORClaMax / (LobeaDrop + 1)) — TORClaMax * LobeaDrop +
TORCRangeParameter / (TORCRangeParameter + 1) x TORClaMax + (1 —
TORCRangeParameter / (TORCRangeParameter + 1)) % LobeaDrop x TORClaMax /
(LobeaDrop + 1)) = LobeaDrop — (TORCRangeParameter / (TORCRangeParameter
+ 1) * TORClaMax + (1 — TORCRangeParameter / (TORCRangeParameter + 1)) x
LobeaDrop % TORClaMax / (LobeaDrop + 1)) °~ 2 % (1 + TORClaZeroParameter)
x TORClaMax / (LobeaDrop * (TORCRangeParameter / (TORCRangeParameter + 1)
*+ TORClaMax + (1 — TORCRangeParameter / (TORCRangeParameter + 1)) =x
LobeaDrop * TORClaMax / (LobeaDrop + 1)) — TORClaMax * LobeaDrop +
TORCRangeParameter / (TORCRangeParameter + 1) s TORClaMax + (1 —
TORCRangeParameter / (TORCRangeParameter + 1)) * LobeaDrop % TORClaMax /
(LobeaDrop + 1)) + (TORCRangeParameter / (TORCRangeParameter + 1) =x
TORClaMax + (1 — TORCRangeParameter / (TORCRangeParameter + 1)) =
LobeaDrop * TORClaMax / (LobeaDrop + 1)) x TORClaMax) / LobeaDrop /
(—=TORCRangeParameter / (TORCRangeParameter + 1) * TORClaMax — (1 —
TORCRangeParameter / (TORCRangeParameter + 1)) * LobeaDrop % TORClaMax /
(LobeaDrop + 1) + TORClaMax) / TORCls / LobeaNo —r50rP % Rhebas x
(—LobeaDrop * (TORCRangeParameter / (TORCRangeParameter + 1) x TORClaMax
+ (1 — TORCRangeParameter / (TORCRangeParameter + 1)) % LobeaDrop =
TORClaMax / (LobeaDrop + 1)) — (1 + TORClaZeroParameter) =
(TORCRangeParameter / (TORCRangeParameter + 1) % TORClaMax + (1 —
TORCRangeParameter / (TORCRangeParameter + 1)) % LobeaDrop x TORClaMax /
(LobeaDrop + 1)) * TORClaMax / (LobeaDrop * (TORCRangeParameter /
(TORCRangeParameter + 1) % TORClaMax + (1 — TORCRangeParameter /
(TORCRangeParameter + 1)) # LobeaDrop * TORClaMax / (LobeaDrop + 1)) —
TORClaMax % LobeaDrop + TORCRangeParameter / (TORCRangeParameter + 1) =
TORClaMax + (1 — TORCRangeParameter / (TORCRangeParameter + 1)) =
LobeaDrop * TORClaMax / (LobeaDrop + 1)) + TORClaMax * LobeaDrop +
TORClaMax) / LobeaNo / LobeaDrop / (—TORCRangeParameter /
(TORCRangeParameter + 1) x TORClaMax — (1 — TORCRangeParameter /
(TORCRangeParameter + 1)) % LobeaDrop % TORClaMax / (LobeaDrop + 1) +
TORClaMax) S6KaSpeed ratioS6KNoparameter #* TORClaMax



(TORCRangeParameter * LobeaDrop + TORCRangeParameter + LobeaDrop) =
maxATP % S6KaSpeed / (TORCRangeParameter % LobeaDrop + TORCRangeParameter
+ LobeaDrop + 1) X4EBPSpeed InR2Ratio * initInRX * TORC2speed =
(initTORC2 + initTORC2 x ratioS6KNoparameter — initTORC2 x
maxTORC2aParameter / (1 + maxTORC2aParameter) — initTORC2 x
maxTORC2aParameter / (1 4+ maxTORC2aParameter) * ratioS6KNoparameter) /
initTORC2 / maxTORC2aParameter * (1 + maxTORC2aParameter) / initS6K /
maxATP / (InRXRatio + 2 + 2 % InR2Ratio) —routX4EBPaPRev x (X4EBPaMax +
FoxoaDrop * X4EBPaMax — X4EBPaMax * FoxoaDrop "~ 2 / (FoxoaDrop + 1) =*
(((FoxoaDrop + 1) / FoxoaDrop — 1) * X4EBPaDropParameter /
(X4EBPaDropParameter + 1) + 1) — X4EBPaMax x FoxoaDrop / (FoxoaDrop + 1)
* (((FoxoaDrop + 1) / FoxoaDrop — 1) x X4EBPaDropParameter /
(X4EBPaDropParameter + 1) + 1)) / (FoxoaDrop % X4EBPaMax — X4EBPaMax =
FoxoaDrop = 2 / (FoxoaDrop + 1) % (((FoxoaDrop + 1) / FoxoaDrop — 1) x
X4EBPaDropParameter / (X4EBPaDropParameter + 1) + 1) — X4EBPaMax x
FoxoaDrop / (FoxoaDrop + 1) * (((FoxoaDrop + 1) / FoxoaDrop — 1) =x
X4EBPaDropParameter / (X4EBPaDropParameter + 1) + 1)) / foxoaNoP
X4EBPaMax # FoxoaDrop / (FoxoaDrop + 1) * (((FoxoaDrop + 1) / FoxoaDrop —
1) % X4EBPaDropParameter / (X4EBPaDropParameter + 1) + 1) % TORClaMax x*
X4EBPSpeed * maxATP / X4EBPMax routChicoP % chicoNo * (1 +
routpl10PParameter 4+ routp60PParameter + routp60PParameter x
routpl10PParameter + r6rPRevParameter + r6rPRevParameter =
routpl10PParameter + r6rPRevParameter * routp60PParameter +
r6rPRevParameter * routp60PParameter * routpll0PParameter) / PI3KNo /
routp60PParameter / routpllOPParameter / (chicoDropParameter + 1) (1 +
r6rPRevParameter) / (chicoDropParameter + 1) x chicoNo * routChicoP /
pll0No / routpllOPParameter * (1 + routpllOPParameter) / p60No /
routp60PParameter * (1 + routp60PParameter) (1 + r7rPParameter) /
(chicoDropParameter + 1) % chicoNo * routChicoP / chicoalns /
r6rPRevParameter / PI3KNo / routp60PParameter / routpllOPParameter x (1 +
routpl10PParameter + routp60PParameter 4+ routp60PParameter x*
routpl10PParameter + r6rPRevParameter + r6rPRevParameter =x
routpl10PParameter + r6rPRevParameter * routp60PParameter +
r6rPRevParameter * routp60PParameter * routpllOPParameter) r7rPParameter
x routPI3KaP PIP3Speed routP maxIns * (routP *x InRXRatio + 2 % routP + 2
x routP * InR2Ratio 4+ initInRX % InR2Speed) / (InRXRatio + 2 4+ 2 =
InR2Ratio) routATPPRev / maxATP routATPPRev routChicoP routChicoP =
chicoNo maxATP * (alFoxo * maxPKBal x PKBalDropTORC2aParameter + a2Foxo x
maxPKBa2 x PKBalDropTORC2aParameter + aaFoxo % PKBaaT2a 4+ aaFoxo x
PKBaaT2a * PKBalDropTORC2aParameter) * FoxoaDrop /
PKBalDropTORC2aParameter foxoaNoP * maxATP * (alFoxo x maxPKBal =
PKBalDropTORC2aParameter + a2Foxo * maxPKBa2 x PKBalDropTORC2aParameter +
aaFoxo * PKBaaT2a + aaFoxo * PKBaaT2a x PKBalDropTORC2aParameter) =
FoxoaDrop / PKBalDropTORC2aParameter routGEFPRev / GEFs routGEFPRev
maxATP * (alLobe * maxPKBal x PKBalDropTORC2aParameter + a2Lobe x
maxPKBa2 x PKBalDropTORC2aParameter + aalLobe x PKBaaT2a 4+ aalobe x
PKBaaT2a * PKBalDropTORC2aParameter) * LobeaDrop /
PKBalDropTORC2aParameter LobeaNo % maxATP % (alLobe % maxPKBal =
PKBalDropTORC2aParameter + a2Lobe x maxPKBa2 * PKBalDropTORC2aParameter +
aaLobe * PKBaaT2a + aaLobe * PKBaaT2a x PKBalDropTORC2aParameter) =
LobeaDrop / PKBalDropTORC2aParameter routPDK1PRev / PDKls routPDK1PRev
PIP2Speed / PIP2s PIP2Speed maxPKBIFlow x (PKBIDropParameter + 1) /
PKBINo maxPKBIFlow % (PKBIDropParameter + 1) routPTENPRev / PTENs
routPTENPRev 1 / Rhebas / lengthRhebaRaise 1 / lengthRhebaRaise
routTORC1PRev / TORCls routTORCIPRev maxATP * (alTSC % maxPKBal x
PKBalDropTORC2aParameter + a2TSC * maxPKBa2 x PKBalDropTORC2aParameter +
aaTSC x PKBaaT2a + aaTSC * PKBaaT2a x PKBalDropTORC2aParameter)
TSCaDrop / PKBalDropTORC2aParameter TSCaNo % maxATP % (alTSC * maxPKBal =
PKBalDropTORC2aParameter + a2TSC * maxPKBa2 x* PKBalDropTORC2aParameter +
aaTSC * PKBaaT2a + aaTSC x PKBaaT2a % PKBalDropTORC2aParameter)
TSCaDrop / PKBalDropTORC2aParameter —routX4EBPaPRev / (FoxoaDrop =
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X4EBPaMax — X4EBPaMax * FoxoaDrop ~ 2 / (FoxoaDrop + 1) * (((FoxoaDrop +
1) / FoxoaDrop — 1) % X4EBPaDropParameter / (X4EBPaDropParameter + 1) +
1) — X4EBPaMax % FoxoaDrop / (FoxoaDrop + 1) % (((FoxoaDrop + 1) /
FoxoaDrop — 1) *x X4EBPaDropParameter / (X4EBPaDropParameter + 1) + 1))
routX4EBPaPRev (1 + routpllOPParameter) / (chicoDropParameter + 1) %
chicoNo #* routChicoP / pll0ONo (1 + routpllOPParameter) /
(chicoDropParameter + 1) % chicoNo % routChicoP (1 + routp60PParameter) /
(chicoDropParameter + 1) % chicoNo #* routChicoP / p60No (1 +
routp60PParameter) / (chicoDropParameter + 1) % chicoNo * routChicoP
maxATP * (alFoxo x maxPKBal * PKBalDropTORC2aParameter + a2Foxo =
maxPKBa2 x PKBalDropTORC2aParameter + aaFoxo * PKBaaT2a + aaFoxo x
PKBaaT2a * PKBalDropTORC2aParameter) * foxoaNoP % FoxoaDrop / maxFoxo /
PKBalDropTORC2aParameter / (FoxoaDrop + 1) maxATP % (alLobe * maxPKBal x
PKBalDropTORC2aParameter + a2Lobe x maxPKBa2 x PKBalDropTORC2aParameter +
aaLobe * PKBaaT2a + aaLobe * PKBaaT2a * PKBalDropTORC2aParameter) =
LobeaNo * LobeaDrop / maxLobe / PKBalDropTORC2aParameter / (LobeaDrop +
1) routADPP maxATP x (alTSC % maxPKBal x PKBalDropTORC2aParameter + a2TSC
*+ maxPKBa2 x PKBalDropTORC2aParameter + aaTSC x PKBaaT2a + aaTSC =
PKBaaT2a * PKBalDropTORC2aParameter) x TSCaNo % TSCaDrop / maxTSC /
PKBalDropTORC2aParameter / (TSCaDrop + 1) maxPKBIFlow =
(PKBDropTORC2aParameter + 1 + PKBalDropTORC2aParameter) / PKBaaT2a / (1 +
PKBDropTORC2aParameter + PKBalDropTORC2aParameter +
PKBalDropTORC2aParameter * PKBDropTORC2aParameter) maxPKBIFlow / maxPKBal
routPI3KaP TORC2speed 0.le —5;];

Export all parameter as variables
params := [ routATPPRev, routADPP, routP, maxIns, initInRX,

InR2Ratio, InR2Speed, InRXRatio, InRXSpeed, chicoDropParameter ,
chicoNo, r6rPRevParameter, chicoalns, PI3KNo, routChicoP, p60No,
pll10No, routp60PParameter, routpllOPParameter, r7rPParameter,
routPI3KaP , PTENs, PIP2s, PIP2Speed, routPTENPRev, maxPIP3,
PIP3Speed, PKBIDropParameter, PKBINo, maxPKB, PDKls, maxPKBal,
PKBalDropTORC2aParameter, maxPKBIFlow, PKBDropTORC2aParameter ,
PKBaaT2a, maxPKBa2, routPDK1PRev, FoxoaDrop, LobeaDrop,
TSCaDrop, TSCaNo, LobeaNo, foxoaNoP, alFoxo, a2Foxo, aaFoxo,
alTSC, a2TSC, aaTSC, alLobe, a2Lobe, aalobe, GEFs, Rhebas,
maxRheb, strengthRhebaRaise, lengthRhebaRaise, routGEFPRev,
TORClaMax, TORClaZeroParameter, TORCRangeParameter, r50rP
TORCl1s, routTORC1PRev, X4EBPaMax, X4EBPaDropParameter,
X4EBPMax, routX4EBPaPRev, initS6K , ratioS6KNoparameter,
X4EBPSpeed, initTORC2, TORC2speed ,S6KaSpeed,
maxTORC2aParameter, maxATP, maxFoxo, maxLobe, maxTSC]:

> Matlab (params) ;

cg0

>

= [routATPPRev routADPP routP maxIns initInRX InR2Ratio InR2Speed
InRXRatio InRXSpeed chicoDropParameter chicoNo r6rPRevParameter chicoalns
PI3KNo routChicoP p60No pll0No routp60PParameter routpll0OPParameter
r7rPParameter routPI3KaP PTENs PIP2s PIP2Speed routPTENPRev maxPIP3
PIP3Speed PKBIDropParameter PKBINo maxPKB PDKl1s maxPKBal
PKBalDropTORC2aParameter maxPKBIFlow PKBDropTORC2aParameter PKBaaT2a
maxPKBa2 routPDK1PRev FoxoaDrop LobeaDrop TSCaDrop TSCaNo LobeaNo
foxoaNoP alFoxo a2Foxo aaFoxo alTSC a2TSC aaTSC alLobe a2Lobe aaLobe GEFs
Rhebas maxRheb strengthRhebaRaise lengthRhebaRaise routGEFPRev TORClaMax
TORC1laZeroParameter TORCRangeParameter r50rP TORCls routTORC1PRev
X4EBPaMax X4EBPaDropParameter X4EBPMax routX4EBPaPRev initS6K

ratioS6 KNoparameter X4EBPSpeed initTORC2 TORC2speed S6KaSpeed
maxTORC2aParameter maxATP maxFoxo maxLobe maxTSC];

# Export the name of the parameters
> names := map(convert ,params, 'string’):
> Matlab (names) ;

72



621

626

631

636

641

646

651

656

cgl = [’routATPPRev’ ’routADPP’ ’routP’ ’'maxIns’ ’initInRX’ ’InR2Ratio’
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’InR2Speed’ ’InRXRatio’ ’InRXSpeed’ ’chicoDropParameter’ ’chicoNo’
‘r6rPRevParameter’ ’chicoalns’ ’PI3KNo’ ’routChicoP’ ’p60No’ ’pll0No’
‘routp60PParameter
"PTENs’ ’'PIP2s’ ’PIP2Speed’ ’routPTENPRev’ ’maxPIP3’ ’PIP3Speed’
"PKBIDropParameter’ ’PKBINo’ ’'maxPKB’ ’PDKls’ ’maxPKBal’
"PKBalDropTORC2aParameter > 'maxPKBIFlow’ ’PKBDropTORC2aParameter’
’PKBaaT2a’ ’'maxPKBa2’ ’routPDK1PRev’ ’FoxoaDrop’ ’LobeaDrop’ ’'TSCaDrop’
"TSCaNo’ ’LobeaNo’ ’foxoaNoP’ ’alFoxo’ ’a2Foxo’ ’aaFoxo’ ’alTSC’ ’a2TSC’
’aaTSC’ ’alLobe’ ’a2Lobe’ ’aaLobe’ ’GEFs’ ’'Rhebas’ ’maxRheb’
’strengthRhebaRaise’ ’lengthRhebaRaise’ ’routGEFPRev’ ’*TORClaMax’
"TORC1laZeroParameter’ TORCRangeParameter’ ’r50rP’ ’TORCls’
'routTORC1PRev’ ’X4EBPaMax’ ’X4EBPaDropParameter’ ’X4EBPMax’
‘routX4EBPaPRev’ ’'initS6K’ ’ratioS6KNoparameter’ ’'X4EBPSpeed’ ’initTORC2’
"TORC2speed’ ’'S6KaSpeed’ ’'maxTORC2aParameter’ ’maxATP’ ’maxFoxo’

"maxLobe’ 'maxTSC’ |;

)

‘routpllOPParameter’ ’r7rPParameter’ ’routPI3KaP’

Now as least we have to compute the range in which
those parameters can

For reaction rates we know them and we have

to transform this to

those parameters. As a size of the containment I

assume 1/1000000 M"—1,

in order to get reaction rates around zero. How this is done is
described in the thesis...

minimal := |

le—4, le—4, le—4, le—6, 1le—6, 1le—8, le—3,
le—8, le—4, 1le—10, 1le—6, 1le—10, le—6,
le—6, le—4, le—6, le—6, 1le—10, 1le—10,
le—10, le—4, le—6, le—6, le—4, le—4, le—6,
le—3,1le—10,1le—6,le—6,le—6,1e —6,
le—10,1e—10,1e—10,1e—6,
le—6,le—4,1e—10,1e—10,1e—10,1le—6,1e—6,
le—10,le—4,le—4,1le—4,le—4,1le—4,1e—4,1le—4,1le—4,1e—4,
le—6,le—6,le—6,1le—3,1e2 ,1e—4,
le—6,1e—10,1e—10,1e—3,1e—6,
le—4,1le—6,1e—10,le—6,le—4,
le—6,le—10,1le—4,le—6,le—4,1e—4,
le—10,1e—6,le—6,le—6,1e —6]:

maximal := [

le—2, le—2, 1le—2, le+2, le+2, 1le+8, 1le—0,
le+8, le—2, 1e+10, le+2, 1le+10, le+2,
le+2, 1le—2, le+2, le+2, 1e+10, 1le+10,
le+10, le—2, le+2, le+2, le—2, le—2, le+2,
le+0,le4+10,1e4+2,1e+2,le+2,1e+2,
le+10,1e+10,1e+10,1e+2,
le+2,1e—2,1e4+10,1e+10,1e+10,1e+2,1e+2,
le+10,1e—0,1e—0,1e—-0,1e—0,1e—0,1e—0,1e—0,1e—0,1e -0,
le+2,1le+2,1e+2,1e—0,1e4 ,1e—2,
le+2,1e+10,1e4+10,1e—0,1e+2,
le—2,1le+2,1e+10,1e+2,1le—2,
le+2,1e+10,1e—0,1le+2,1e—0,1e—0,
le+10,le+2,1le+2,1le+2,1e+2]:

> Matlab (minimal) ;
cg2 = [0.1e—3 0.1e—3 0.1e—3 0.1le—5 0.le—5 0.1le—7 0.1le—2 0.1le—7 0.1e—3 0.1e—9

0.1e—=5 0.1e—9 0.1e—5 0.1e—=5 0.1le—3 0.1le—5 0.1le—5 0.1e—9 0.1e—9 0.1e—9
0.1e=3 0.1le=5 0.1le—=5 0.1e—=3 0.1le—3 0.1le—5 0.1le—2 0.1e—9 0.1le—5 0.1le—5
0.1e—=5 0.1e—5 0.1e—9 0.1e—-9 0.1e—9 0.1e—5 0.1le—5 0.1e—3 0.1e—9 0.1e—9
0.1e—9 0.1le—5 0.1e—5 0.1e—9 0.1le—3 0.1le—3 0.1le—3 0.1le—3 0.1e—3 0.1le—3
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0.1e—3 0.1e—3 0.1e—3 0.1le—5 0.1le—5 0.1le—=5 0.1le—2 0.1e3 0.1le—3 0.le-5
0.1e—=9 0.1e—9 0.1e—2 0.1e—=5 0.1le—3 0.1e—5 0.1e—9 0.1le—5 0.1e—3 0.le-H
0.1e—9 0.1e—3 0.1e—5 0.1e—3 0.1e—3 0.1e—9 0.1le—5 0.1le—5 0.1le—5 0.le—5];
> Matlab (maximal) ;
cg3 = [0.1e—1 0.1e—1 0.1e—1 0.1e3 0.1e3 0.1e9 0.1el 0.1e9 0.le—1 0.1lell 0.1e3

0.1ell 0.1e3 0.1e3 0.1le—1 0.1e3 0.1e3 0.1ell 0.1lell 0.1ell 0.1le—1 0.1le3
0.1e3 0.1e—1 0.1e—1 0.1e3 0.1el 0.1ell 0.1e3 0.1e3 0.1e3 0.1e3 0.1lell
0.1ell 0.1ell 0.1e3 0.1e3 0.1le—1 0.1ell 0.1ell 0.1ell 0.1e3 0.1e3 0.lell
0.1el 0.1el 0.1el 0.1el 0.1el 0.1lel 0.1el 0.l1lel 0.1lel 0.1e3 0.1e3 0.1e3
0.1lel 0.1e5 0.1e—1 0.1e3 0.1ell 0.1ell 0.1el 0.1e3 0.1e—1 0.1e3 0.lell
0.1e3 0.1le—1 0.1e3 0.1ell 0.1el 0.1e3 0.1el 0.1el 0.1ell 0.1e3 0.1e3
0.1e3 0.1e3];

>

>

#Part 4: Parameters

# Now we set some default values to all the parameters...
# Normally such

# that the maximal value is 100 for every species...

maxATP := 1:

routATPPRev := 1000000:
routADPP := 0.01:

routP := 1000:

maxIns := 100:

initInRX := 100:
InR2Ratio := 100:
InR2Speed := 0.1le—2:
InRXRatio := 1:
InRXSpeed := 0.le—2:
chicoDropParameter :=0.1:
routChicoP := 0.0001:
chicoNo := 100:
r6rPRevParameter := 1:
chicoalns := 60:
PI3KNo := 200:

p60No := 100:

pl10No := 100:
r7rPParameter := 1:
routPI3KaP := 0.01:
PTENs := 100:

PIP2s := 100:
PIP2Speed := 0.01:
routPTENPRev := 0.01:
maxPIP3 := 100:
PIP3Speed := 0.1le—2:
routp60PParameter :=
routpll0PParameter:=
PKBIDropParameter :=
PKBINo := 100:
maxPKB := 100:
PDKl1s := 100:
maxPKBal := 100:
PKBalDropTORC2aParameter := 10:
maxPKBIFlow := 0.1:
PKBDropTORC2aParameter := 1:
PKBaaT2a := 1:

maxPKBa2 := 100:

routPDK1PRev := 0.01:
FoxoaDrop := 1/3:

LobeaDrop := 1/99:

TSCaDrop := 1/3:

VVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVYVVYV
coco
e
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> TSCaNo := 100:
711 > LobeaNo := 100:
> foxoaNoP := 100:
> alFoxo := 0.0001:
> a2Foxo := 0.0001:
> aaFoxo := 0.0001:
716 > alTSC := 0.0001:
> a2TSC := 0.0001:
> aaTSC := 0.0001:
> alLobe := 0.0001:
> a2Lobe := 0.0001:
721 > aalobe := 0.0001:
> maxFoxo := 100:
> maxTSC := 100:
> maxLobe := 100:
> GEFs := 100:
726 > Rhebas := 100:
> maxRheb := 100:
> strengthRhebaRaise := .1:
> lengthRhebaRaise := 100:
> routGEFPRev := 0.01:
731 > TORClaMax := 30:
> TORClaZeroParameter := 0.1:
> TORCRangeParameter := 0.1:
> r50rP := 0.01:
> TORCl1s := 100:
736 > routTORC1PRev := 0.01:
> X4EBPaMax := 99:
> X4EBPaDropParameter := 10/89:
> X4EBPMax := 99:
> routX4EBPaPRev := 0.01:
741 > initS6K := 100:
> ratioS6KNoparameter := 3:
> X4EBPSpeed := 0.1:
> initTORC2 := 100:
> TORC2speed := 0.1:
746 > S6KaSpeed := 0.1:
> maxTORC2aParameter := 90:
>

#Part 5: Export values to Matlab
# Now we want also to export the values computed
751 # But first print out all reaction rates to see if they are valid...
> Digits := 5:
> evalf ([r1rP, rirPRev, r2P, r2rP, r5P, r6rP, r6rPRev, r7rP, r7rPRev]);
[0.00049261, 0.001, 0.001, 0.0010000, 0.000020300, 0.011000, 0.00022000,

756 0.00036666, 0.01]
> evalf ([r9P, rl11P, r12P, r15P, r18P, r21P, r24P]);
-5 -5
[0.001, 0.90909 10 , 0.00011000, 0.000010000, 0.000010111, 0.50000 10 s
761
—5
0.10111 10 ]
> evalf ([r27P, r30P, r33P, r35P, r37P, r39P, r41P, r43P, r45P]);
766 [0.0001, 0.0001, 0.0001, 0.0001, 0.0001, 0.0001, 0.0001, 0.0001, 0.0001]

> evalf ([r47P, r49P, r50rP, r50rPRev, 151rP, r51rPRev]);
[0.10000, 0.1, 0.01, 0.0036300, 0.0033000, 0.22099]

(0]



771 > evalf ([r5b4P, r54rP, r56P, r61P, r62P, r62rP, rTORC2aP]) ;
[0.1, 0.90000, 0.1, 0.0021894, 0.00089000, 0.97727, 0.1]

> evalf ([routP ,routPRev, routADPP, routATPP, routATPPRev, routChicoP]);
7 7
776 [1000., 100000., 0.01, 0.10000 10 , 0.10000 10 , 0.0001]

> evalf ([routChicoPRev ,routFoxoP ,routFoxoaP , routFoxoaPRev, rowtGEFP]) ;
[0.0100, 0.0050275, 0.0067033, 0.67033, 0.00010000]

781 > evalf ([routGEFPRev,routLobeP ,routLobeaP , routLobeaPRev, routPDKI1P]);
[0.01, 0.00020110, 0.00020313, 0.020313, 0.00010000]

> evalf ([routPDKI1PRev,routPI3KaP, routPIP2P, routPIP2PRev, routPKBIP]) ;
[0.01, 0.01, 0.00010000, 0.01, 0.0011000]
786
> evalf ([routPKBIPRev,routPKBalP ,routPKBaaP, routPTENP, routPTENPRev]) ;
[0.11, 0.0010000, 0.054545, 0.00010000, 0.01]

> evalf ([routRhebaP ,routRhebaPRev ,routTORCI1P ,routTORC1PRev, routTSCP]) ;
791 [0.00010000, 0.010000, 0.00010000, 0.01, 0.0050275]

> evalf ([routTSCaP ,routTSCaPRev ,routX4EBPaP ,routX4EBPaPRev, routp60P]) ;
[0.0067033, 0.67033, 0.0010000, 0.01, 0.00010000]

796 > evalf ([routp60PRev, routpll0P, routpll0PRev]);
[0.010000, 0.00010000, 0.010000]

>

# Export parameter values
801 > Matlab (params);

cgd = [1000000 0.le—1 1000 100 100 100 0.l1le—2 1 0.le—2 0.1e0 100 1 60 200
.le—3 100 100 0.1e0 0.1e0 1 0.1e—1 100 100 0.l1le—1 0.1le—1 100 0.le—2
0.1e0 100 100 100 100 10 0.1e0 1 1 100 0.le—1 0.lel / 0.3el 0.lel /
0.99e¢2 0.1el / 0.3el 100 100 100 0.1e—3 0.1e—3 0.1e—3 0.1e—3 0.1e-3
0.1e—3 0.1e—3 0.1e—3 0.1e—3 100 100 100 0.1e0 100 0.1le—1 30 0.1e0 0.1e0
0
0

[e=]

.le—1 100 0.1e—1 99 0.10e2 / 0.89e2 99 0.le—1 100 3 0.1e0 100 0.1e0
.1e0 90 1 100 100 100];

>

#Export reactionrates )to file and to stdout).

> exportVec := evalf ([r11P, r12P, r15P, r18P, rl1rP, rirPRev, r2P,
806 > r21P, r24P, r27P, r2rP, r30P, r33P, r35P, r37P, r39P, r41P,

> r43P , r45P, r47P, r49P, r5P, r50rP, r50rPRev, r51rP, r51rPRev,

> r54P , r54rP, r56P, r61P, r62P, r62rP, r6rP, r6rPRev, r7rP,

> r7rPRev, 9P, routP, routPRev, routATPP, routATPPRev,

> routChicoP , routChicoPRev, routFoxoaP , routFoxoaPRev, routGEFP,
811 > routGEFPRev, routLobeaP , routLobeaPRev, routPDK1P, routPDK1PRev,

> routPIP2P ; routPIP2PRev, routPKBIP, routPKBIPRev, routPTENP,

> routPTENPRev, routRhebaP , routRhebaPRev, routTORCIP,

> routTORC1PRev, routTSCaP, routTSCaPRev, routX4EBPaP,

> routX4EBPaPRev, routpll1l0P, routpllOPRev, routp60P, routp60PRev,
816 > routFoxoP , routLobeP , routADPP, routTSCP, routPKBaaP ,

> routPKBalP, routPI3KaP , rTORC2aP, allSize]):

>

>

> Matlab (exportVec);

821 cgh = [0.90909e—5 0.11000e—3 0.10000e—4 0.10111e—4 0.49261e—3 0.1le—2 0.le—2
0.50000e—5 0.10111e—5 0.1e—3 0.10000e—-2 0.1le—3 0.1le—3 0.1le—3 0.1le—3
0.1e=3 0.1e—=3 0.1e—3 0.1e—3 0.10000e0 0.1e0 0.20300e—4 0.1le—1 0.36300e—2
0.33000e—2 0.22099e0 0.1e0 0.90000e0 0.1e0 0.21894e—2 0.89000e—3
0.97727e¢0 0.11000e—1 0.22000e—3 0.36666e—3 0.1le—1 0.1le—2 0.1000e4
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826

831

836

841

846

851

856

861

866

871

0.10000e6 0.10000e7 0.10000e7 0.1le—3 0.100e—1 0.67033e—2 0.67033¢e0
0.10000e—3 0.1e—1 0.20313e—3 0.20313e—1 0.10000e—3 0.1le—1 0.10000e—-3
0.1e—1 0.11000e—2 0.11e0 0.10000e—3 0.1e—1 0.10000e—3 0.10000e—-1
0.10000e—3 0.1e—1 0.67033e—2 0.67033e0 0.10000e—2 0.1le—1 0.10000e—3
0.10000e—1 0.10000e—3 0.10000e—1 0.50275e—2 0.20110e—3 0.1le—1 0.50275e—2
0.54545e—1 0.10000e—2 0.1e—1 0.1e0 0.le—5];

>

> for i from 1 to nops(params) do

> if (params[i] < minimal[i]) then

> printf(” Value for param %s is %g, this is lower than %g\n”,

> names[i],evalf(params[i]),evalf(minimal[i]));

> end;

>

> if (params[i] > maximal[i]) then

> printf(” Value for param %s is %g, this is higher than %g\n”,

> names[i],evalf(params[i]),evalf(maximal[i]));

> end;

> end;

Value for param routATPPRev is 1.0000e+06, this is higher than 0.01
Value for param routP is 1000, this is higher than 0.01
Value for param PI3KNo is 200, this is higher than 100

>

> fffwith (linalg):

> exportVec := Matrix(1,nops(exportVec), exportVec):

> ExportMatrix (”7../simulation/reactionRates.mat”, exportVec,

> target = Matlab):

Error, (in ExportMatrix) argument ’target.—=.CodeGeneration:—Matlab’ invalid:

rhs
should be of type {identical (Matlab), identical (MatrixMarket) ,
identical (delimited)}
>
>
#Part 6: Check if the system has only one solution
Therefore set up the equations for all reactions

unassign ('routP ’);

rll PTEN xPIP3 *rl1l1P:

rl2 PIP3 *«PKBI xr12P:

rl5 := PDK1 xATP *PKB xrl15P:

r18 := TORC2a *ATP *PKB *rl8P:

rlr := (InR2 xrlrP—InR1 "2xr1rPRev):
r2 := InR2 xIns *r2P:

r21 := PDKl1 *ATP xPKBa2 *r21P:

r24 := TORC2a *ATP xPKBal xr24P:

r27 := PKBal *ATP xFoxoa =*r27P:

r2r := InR2a x*r2rP:

r30 := PKBa2 *ATP *Foxoa *r30P:

r33 := PKBaa *ATP xFoxoa xr33P:

r35 := PKBal xATP xLobea *r35P:

r37 := PKBa2 *ATP xLobea xr37P:

r39 := PKBaa xATP xLobea *r39P:

r41 := PKBal *ATP xTSCa *r41P:

r43 := PKBa2 xATP *TSCa *r43P:

rd45 := PKBaa *ATP xTSCa *r45P :

r47 := TSCa xRheba *r47P:

149 := GEF xRheb xr49P:

r5 := InR2a *ATP *xChico x*r5P:

r50r := Rheba *(TORCla *r50rP—-TORCl *r50rPRev):
r51r := Lobea x(TORC1 *r51rP—TORCla *r51rPRev):
r54 := TORCla *ATP %S6K *r54P :

VVVVVVVVVVVVVVVVVVVVVVVVVYVYVIH
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876 > rb4r := S6Ka *r54rP:
> r56 := TORCla *ATP xX4EBPa *r56P :
> r61 := S6Ka *ATP *TORC2a *r61P:
> r62 := Foxoa x*r62P:
> r62r = X4EBP *r62rP:

881 > r6r := (PI3K *r6rP—p60 *pll0 *r6rPRev):
> r7r := (PI3Ka *r7rP—Chicoa *PI3K *r7rPRev):
> r9 := PI3Ka xPIP2 xr9P:
> rout := (Ins xroutP—routPRev):
> routATP := (ATP sroutATPP-routATPPRev):

886 > routChico := (Chico xroutChicoP—routChicoPRev):
> routFoxoa := (Foxoa *routFoxoaP-routFoxoaPRev):
> routGEF := (GEF sroutGEFP-routGEFPRev):
> routLobea := (Lobea *routLobeaP-routLobeaPRev):
> routPDK1 := (PDK1l *routPDK1P—routPDK1PRev) :

891 > routPIP2 := (PIP2 sroutPIP2P—routPIP2PRev):
> routPKBI := (PKBI *routPKBIP—routPKBIPRev) :
> routPTEN := (PTEN sroutPTENP—routPTENPRev) :
> routRheba := (Rheba *routRhebaP—-routRhebaPRev):
> routTORC1 := (TORC1 *routTORC1P—routTORCI1PRev) :

896 > routTSCa := (TSCa *routTSCaP—routTSCaPRev):
> routX4EBPa := (X4EBPa sroutX4EBPaP-routX4EBPaPRev) :
> routpll0 := (pll0 *routpllOP—routpll0PRev):
> routp60 := (p60 *routp60P-—routp60PRev):
> routFoxo := Foxo *routFoxoP:

901 > routLobe := Lobe x*routLobeP:
> routADP := ADP xroutADPP:
> routTSC := TSC *routTSCP:
> routPKBaa := PKBaa *routPKBaaP:
> routPKBal := PKBal xroutPKBalP:

906 > routPI3Ka := PI3Ka xroutPI3KaP:
> 'TORC2aNEW := InR2a *TORC2 xrTORC2aP:
>
# and the equations for all the substances
> DADP := r15 +rl18 +r21 +r24 +4r27 +r30 +r33 +r35 +r37 +r39 +r4l

911 > +r43 +r45 + r5 +r54 +r56 +r61 —routADP
> DATP := —rl15 —r18 —r21 —r24 —r27 —r30 —r33 —r35 —r37 —r39 —r4l
> —143 — r45 —r5 —r54 —r56 —r61 —routATP
> D_Chico := —r5 —routChico
> D_Chicoa := rb5 4r7r

916 > D_Foxo := r27 4r30 +r33 —routFoxo
> D_Foxoa := —r27 —r30 —r33 —routFoxoa
> D.GEF := —routGEF
> D_.InR1 := 2x*rlr
> D_.InR2 := —rlr —r2 —+r2r

921 > D_.InR2a := r2 —r2r
> D_Ins := —r2 —rout :
> D_Lobe := r35 4r37 +r39 —routLobe
> D_Lobea := —r35 —r37 —r39 —routLobea
> D_PDK1 := —routPDK1

926 > D_PI3K = —r6r 4r7r
> D_PI3Ka := —r7r —routPI3Ka
> D_PIP2 := rl1l —r9 —routPIP2
> D_PIP3 := —rl1l 419 :
> DPKB := r12 —rl15 —rl18

931 > D.PKBI := —rl12 —routPKBI
> D_PKBal := rl15 —r24 —routPKBal
> D_PKBa2 := rl8 —r21
> DPTEN := —routPTEN
> D_Rheb := r47 —r49 :

936 > D_Rheba := —r47 4r49 —routRheba
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941

946

951

956

961

966

971

976

10
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D.S6K := —r54 +rb54r

D_S6Ka := r54 —rb4r

D.TORC1 := r50r —r51r —routTORC1
D_TORCla := —r50r +r51r

D.TORC2 := r61 —TORC2aNEW :
D_TORC2a := —r61 +TORC2aNEW :
D.TSC := r41 4r43 +r45 —routTSC :
D_TSCa := —r41 —r43 —r45 —routTSCa
D X4EBP := r56 —r62r

D X4EBPa := —r56 4+r62 +r62r —routX4EBPa
D_p110 := r6r —routpll0

D_p60 := r6r —routp60

D_PKBaa := r21 +r24 —routPKBaa

Then solve this system
Again we assume that the ATP level stays on 100 as above

sol := solve(
{D_.GEF = 0, D_Chico = 0, D_Chicoa = 0, D_.Foxo = 0, D_Foxoa = 0,
D_.InR2 = 0, D_.InR2a = 0, D_Ins = 0, D_Lobe = 0, D_Lobea = 0,
DPDK1 = 0, D_PI3K = 0, D_PI3Ka = 0, D_.PIP2 = 0, D_PIP3 = 0
DPKB = 0, DPKBI = 0, DPKBal = 0, D.PKBa2 = 0,
D_PKBaa = 0, DPTEN = 0, D_Rheb = 0, D_Rheba = 0,
D_.TORC1 = 0, D.TORCla = 0, D.TORC2a = 0, DTSC = 0,

D.TSCa = 0, DX4EBP = 0, D_X4EBPa = 0, D_pll0 = 0,
D_p60 = 0, D_S6Ka = 0, DADP = 0,
InR1 + (InR2 + InR2a) * 2 = initInRX, initS6K = S6K + S6Ka,

TORC2 = initTORC2 — TORC2a, ATP = 100},
{GEF, Chico , Chicoa , Foxo, Foxoa,InR2,InR2a, Ins ,Lobe, Lobea , PI3K,
PI3Ka,PDK1, PIP2, PIP3 ,PKB, PKBI, PKBal,PKBa2,PKBaa,PTEN, Rheb,
Rheba ,TORC1, TORCla, TORC2a,X4EBP , X4EBPa, TSC, TSCa, p110, p60 ,S6Ka,
ADP, TORC2, InR1, S6K, ATP}):

We are only interested in the number of solution, not in the
solution itself. If there is one steady level per species
there should be 38
solutions:
nops(sol);

38

quit

A.2. Symbolic Analyze and Simulation of the Reduces

o\ |/|-. Copyright (c) Maplesoft, a division of Waterloo Maple Inc.

Steady State Model

../maple/output_simple.txt
N/ Maple 13 (X86 64 WINDOWS)

All rights reserved. Maple is a trademark of

<_-_-_-- _----> Waterloo Maple Inc.

V V333

| Type ? for help.
First compute the functions. See thesis for details how to choose the
speces
compute InR2a(Ins)

sol := solve({

2009

79



15

20

25

30

35

40

45

50

55

60

65

70

>

InR1 % InR1 % r1P = InR2 % r1PRev,

InR2 % Ins % r2P = InR2a % r2rP,

InR1 + 2 % (InR2a + InR2) = initInRX
},{InR1, InR2, InR2a}, Explicit = true):

sol [1,3];

InR2a = (4 r1P initInRX r2rP + r2rP r1PRev 4+ 4 r1P Ins r2P initInRX + (

>

2 2 2

8 r1P initInRX r2rP r1PRev + r2rP rl1PRev

1/2

+ 8 r2rP r1PRev rlP Ins r2P initInRX) ) Ins r2P / (8 rlP

2

2 2

(r2rP 4+ Ins 1r2P + 2 Ins r2P r2rP))

sol[2,3];

InR2a = (4 r1P initInRX r2rP + r2rP rl1PRev + 4 r1P Ins r2P initInRX — (

VVVVVVVVVVVVVVVVVVVIHVHFHFFHFHHYV

80

2 2 2

8 r1P initInRX r2rP r1PRev + r2rP rl1PRev

1/2
+ 8 r2rP r1PRev rl1P Ins r2P initInRX) ) Ins r2P / (8 rlP
/
2 2 2
(r2rP 4+ Ins 1r2P + 2 Ins r2P r2rP))
This can be reformed to
Ins # initInRX /2 r2P % Ins % (r2rP +/— sqrt(...))

(r2rP/r2P + Ins)

Thus a Michaelis Menten reaction plus and a higher order correction term.

+
8r1P % (r2rP + Ins x r2P)"2

Lets approximate this without the h.o.t

Now lets compute PKBI(InR2a)

r5Flux :=
r7Flux :=
r6Flux :=
r9Flux :=
r12Flux :=

InR2a * r5P * maxATP % Chico / (r5P2 + InR2a):
Chicoa x PI3K *x r7P — PI3K % r7PRev:

pll0 x p60 x r6P — PI3K x r6rP:

PIP2 « PI3Ka x r9P / (r9P2 + PI3Ka):

PKBI x PIP3 % r12P / (r12P2 + PIP3):

sol := solve ({
Chico % routChicoP + r5Flux = routChicoPRev,
r5Flux = r7Flux,
routp60P x p60 + r6Flux = routp60PRev,
routpl10P % pl110 + r6Flux = routpl10PRev,

r6Flux
r7Flux
r9Flux

r7Flux ,
PI3Ka * routPI3KaP,
PIP3 % r11P % PTENSs,

routPIP2 % PIP2 = routPIP2PRev,
PKBI % routPKBIP + rl12Flux = routPKBIPRev

},{Chico,

Chicoa, p60, pll0, PI3K, PI3Ka, PIP3, PIP2, PKBI}):



75

80

85

90

95

100

105

110

115

120

125

130

>

> sol [7];
PKBI = routPKBIPRev (r12P2 r11P PTENs routPIP2 InR2a r5P maxATP routChicoPRev

+

_l’_

_l’_

+

r12P2 r11P PTENs routPIP2 r9P2 routPI3KaP routChicoP r5P2
r12P2 r11P PTENs routPIP2 r9P2 routPI3KaP routChicoP InR2a
r12P2 r11P PTENs routPIP2 r9P2 routPI3KaP InR2a r5P maxATP

routPIP2PRev r9P InR2a r5P maxATP routChicoPRev) /(

routPIP2PRev r9P InR2a r5P maxATP routChicoPRev routPKBIP

routPIP2PRev r9P InR2a r5P maxATP routChicoPRev r12P

routPKBIP r12P2 r11P PTENs routPIP2 InR2a r5P maxATP routChicoPRev
routPKBIP r12P2 r11P PTENs routPIP2 r9P2 routPI3KaP routChicoP r5P2
routPKBIP r12P2 r11P PTENs routPIP2 r9P2 routPI3KaP routChicoP InR2a

routPKBIP r12P2 r11P PTENs routPIP2 r9P2 routPI3KaP InR2a r5P maxATP)

#This can be written as

+
+
+
+
_l’_

>

#*

# PKBI =

#*

#

>

A x InR2a + routPKBIPRev

B % InR2a + routPKBIP

#Now if we know PKBI we know the flux into PKB. From this I try to
#compute the levels of Lobea, TSCa, Foxoa

VvV Vv

IgVVVVVVVVVVVYV

r12Flux := routPKBIPRev — PKBI % routPKBIP:

r18Flux := PKB * TORC2a * r18P % maxATP / (TORC2a + r18P2):
r24Flux := PKBal x TORC2a x*
r15Flux := PKB * maxATP x rl15P:
r21Flux := PKBa2 x maxATP x

sol := solve({

r24P % maxATP / (TORC2a + r24P2):
r21P:

r12Flux = r18Flux + r15Flux,

r15Flux = r24Flux 4+ PKBal * routPKBalP,
r18Flux = r21Flux,

r24Flux + r21Flux = PKBaa * routPKBaaP
},{PKB,PKBal ,PKBa2,PKBaa}) :

sol [2];

KBal = — (—routPKBIPRev TORC2a + PKBI routPKBIP TORC2a + PKBI routPKBIP r18P2

2
routPKBIPRev r18P2) r15P (TORC2a + r24P2)/(TORC2a 1r18P r24P maxATP

2
TORC2a 18P routPKBalP 4+ TORC2a r18P routPKBalP r24P2

2 2
TORC2a r24P maxATP r15P + r15P TORC2a routPKBalP

r15P TORC2a routPKBalP r24P2 + r24P maxATP r15P r18P2 TORC2a

r15P r18P2 TORC2a routPKBalP + r15P r18P2 routPKBalP r24P2)
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135

140

145

150

155

160

165

170

175

180

185

190

>

>

sol [3];
TORC2a r18P (—routPKBIPRev + PKBI routPKBIP)
PKBa2 = —

maxATP r21P (TORC2a r18P + r15P TORC2a + r15P r18P2)

sol [4];

PKBaa = — TORC2a (r18P TORC2a r24P maxATP PKBI routPKBIP

IR ERERRY

HVVVVVVVVIHVH

r18P TORC2a r24P maxATP routPKBIPRev
+ r18P TORC2a routPKBalP PKBI routPKBIP
+ r18P routPKBalP r24P2 PKBI routPKBIP

— r18P routPKBalP r24P2 routPKBIPRev — r24P maxATP r15P r18P2
routPKBIPRev

— r18P TORC2a routPKBalP routPKBIPRev

+ r24P maxATP r15P r18P2 PKBI routPKBIP

+ TORC2a r24P maxATP r15P PKBI routPKBIP

— TORC2a r24P maxATP r15P routPKBIPRev) /(routPKBaaP (

2 2
TORC2a rl18P r24P maxATP 4+ TORC2a r18P routPKBalP

2
+ TORC2a r18P routPKBalP r24P2 + TORC2a r24P maxATP rl15P

2
+ r15P TORC2a routPKBalP + r15P TORC2a routPKBalP r24P2

+ r24P maxATP r15P r18P2 TORC2a + r15P r18P2 TORC2a routPKBalP

+ r15P r18P2 routPKBalP r24P2))

As can be seen from above the levels of all active variants of PKB can
be expressed as a broken rational function of degree 2 (TORC2a) and 1
(PKBI). For PKBa2 deg(TORC2a) is even 1... Thus also a weighted sum of
those (and the deactivations flux for Lobea, TSCa and Foxoa is nothing
else...( is a broken rational function of degree 2 (resp. 1). Thus the
level of Foxoa etc. can be expressed as

Foxoa = routFoxoaPRev / (routFoxoaP + f(TORC2a, PKBI));

Now lets check TORCla(Lobea)

r51Flux := TORCls % Lobea x r51P / (Lobea + r51P2)
— TORCla * Lobea % r51PRev / (Lobea + r51PRev2):
r50Flux := TORCls * Rhebas * r50P — TORCla * Rhebas * r50PRev:
sol := solve({
r51Flux + r50Flux = 0
},{TORC1a}) :
sol [1];
ORCla = TORCls (Lobea r51P 4+ Rhebas r50P Lobea 4+ Rhebas r50P r51P2)
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195

200

205

210

215

220

225

230

235

240

245

250

(Lobea + r51PRev2) /((Lobea + r51P2)

(Lobea r51PRev + Rhebas r50PRev Lobea + Rhebas r50PRev r51PRev2))

#As can be seen this is a broken rational function of degree 2 in Lobea

#
# Lets check S6Ka(TORCla)
>
> sol := solve ({
> S6K x TORCla # r54P / (r54P2 + TORCla) = S6Ka xr54rP ,
> S6K + S6Ka = initS6K
> },{S6K, S6Ka}):
> sol [1];
initS6K r54rP (r54P2 4+ TORCla)
S6K =
TORCla r54P + r54rP r54P2 + r54rP TORCla
> sol[2];
TORCla r54P initS6K
S6Ka =
TORCla r54P + r54rP r54P2 + r54rP TORCla

>
# Therefore this can be written as
#
7# TORCla + B
# S6Ka =
# C % TORCla + D
>
#Lets do X4EBPa
>
> sol := solve ({
> X4EBPa * routX4EBPaP = routX4EBPaPRev + r62P * Foxoa / (Foxoa + r62P2)
> },{X4EBPa}) :
> sol[1];

routX4EBPaPRev Foxoa + routX4EBPaPRev r62P2 + r62P Foxoa

X4EBPa =
(Foxoa + r62P2) routX4EBPaP

#
# Therefore this can be written as
#
# routX4EBPaPRev Foxoa
# X4EBPa = +
# routX4EBPaP A x Foxoa + B
#
>
#Next is X4EBP
>
> solve (X4EBPa x TORCla * r56P / (TORCla 4+ r56P2) = X4EBP x r62rP, X4EBP);

X4EBPa TORCla r56P

(TORCla + r56P2) r62rP

#

# Therefore this can be written as
#

# X4EBP * TORCla * A

# X4EBP =

# TORCla + B
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255 >
#Last is TORC2a

>
> sol := solve ({
> TORC2a * S6Ka x r61P / (S6Ka + r61P2) = TORC2 % InR2a * rTP
260 > / (InR2a + rTP2),
> TORC2a + TORC2 = initTORC2
> },{TORC2a,TORC2}) :
>
> sol [2];
265 InR2a rTP initTORC2 (S6Ka + r61P2)
TORC2a =
S6Ka r61P InR2a + InR2a rTP S6Ka + InR2a rTP r61P2 + S6Ka r61P rTP2
#
270 # Therefore this can be written as
#
# InR2a * (S6Ka + A)
# TORC2a =
# B % S6Ka % InR2a + C x InR2a 4+ D x S6Ka
275 #
>
>
# Some Helper functions
#  PKBFlowT: The induced flow through the PKB system by different TORCla
280 # level.
# PKBFlow : The flow induced by the PKB system.
>
> PKBFlowT := (x,START, END, LINEAR1, LINEAR2, CONST)
> —>(END * x"2 + LINEAR1 % x + START * CONST)
285 > / (x "2 4+ LINEAR2 * x + CONST) :
> PKBFlow := (x, y, START, END, LINEAR1, LINEAR2, CONST, SPEED, OUT, IN)
> — IN / (y / (y + SPEED)
> + PKBFlowT (x,START, END, LINEAR1, LINEAR2, CONST) + OUT):
>
290 # The level of different proteins given the input and some parameters
> InR2a := (Ins) —> initInRX / 2 % Ins / (Ins + InR2aSpeed):
> PKBI = (InR2a) —> (pl * InR2a + routPKBIPRev)
> / (p2 % InR2a + routPKBIP):
>
295 > Lobea := (PKBI, TORC2a) —> PKBFlow(TORC2a, (PKBINolns — PKBI), 11, 12, 13,
> 14, 15, 16 ,routLobeaP, routLobeaPRev):
> TSCa := (PKBI, TORC2a) —> PKBFlow(TORC2a, (PKBINoIlns — PKBI), t1, t2, t3,
> t4, t5, t6,routTSCaP, routTSCaPRev):
> Foxoa := (PKBI, TORC2a) —> PKBFlow(TORC2a, (PKBINolns — PKBI), f1, f2, {3,
300 > f4, f5, f6, routFoxoaP, routFoxoaPRev):
> TORCla := (Lobea) —> (TORC1lalnfLobea * Lobea”2 4+ t11 % Lobea
> + TORC1laNoLobea * t12)
> / (Lobea”2 + t13 * Lobea + t12):
> S6Ka := (TORCla) —> (s1 + TORCla) / (s2 * TORCla + s3):
305 > X4EBPa := (Foxoa) —> routX4EBPaPRev / routX4EBPaP + x1 * Foxoa
> / (Foxoa + x2):
> X4EBP := (TORCla, X4EBPa)—> X4EBPa % TORCla % x3 / (TORCla + x4):
> TORC2a := (S6Ka, InR2a) —> InR2a x (S6K + t21)
> / (t22 * S6Ka * InR2a + t23 % S6Ka + t24
InR2a) :
310

VvV Vv
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>
>
315 >
# Compute scale if no ins
> PKBINolns := PKBIMaxIns * PKBIInsFac:
> FoxoaNolns = FoxoaMaxIns % FoxoalnsFac:
> LobeaNolns := LobeaMaxIns x LobealnsFac:
320 > TSCaNolns := TSCaMaxIns * TSCalnsFac:
> TORClaNolns = TORClaMaxIns * TORClalnsFac:
> X4EBPaNolns := X4EBPaMaxIns x X4EBPalnsFac:
> X4EBPNolns = X4EBPMaxIns * X4EBPInsFac:
> S6KaNolns := S6KaMaxIns * S6KalnsFac:
325 > TORC2aNolns := TORC2aMaxIns * TORC2alnsFac:
>
#Parameters if maximal insulin is present
> initInRX = 100:
> PKBIMaxIns = 90:
330 > FoxoaMaxIns = 0.5:
> LobeaMaxIns = 10:
> TSCaMaxIns = 10:
> TORClaMaxIns := 100:
> X4EBPMaxIns = 101:
335 > X4EBPaMaxIns = 10:
> S6KaMaxIns := 100:
> TORC2aMaxIns = 40:
>
# Give the factor if no insulin is present
340 > PKBIInsFac = 1.111:
> FoxoalnsFac = 200:
> LobealnsFac = 10:
> TSCalnsFac = 10:
> TORClalnsFac := 0.01:
345 > S6KalnsFac = 0.02:
> TORC2alnsFac := 0:
>
#Set up IN/Out reactions
> routLobeaPRev := 100:
350 > routFoxoaPRev := 100:
> routTSCaPRev = 100:
> routX4EBPaPRev := 100:
> routPKBIPRev = 100:
>

355 #Parameters that regulate the variability of the system for
#different insulin inputs

> InR2aSpeed := 100:
> p2 == 0.01:
> tl1 = 1:
360 > t12 = 100:
> t13 = 100:
> x2 = 1:
> t22 = 20:
> t23 = 1:
365 > t24 = 20:
> s3 = 1:
>
#Parameters for the PKBI System
> 12 = 0.5 % 11:
370 > 13 := 0.2:
> 14 = 10:
> 15 = 1:
> 16 := 10:



> t2 = 1.001 * tl:

375 > t3 := 0.5:
> t4 = 10:
> t5 = 1:
> t6 = 10:
> f2 := 1.001 = f1:

380 > f3 := 0.5:
> f4 := 10:
> 5 = 1:
> f6 := 10:
>

385 #Set up parameters to fulfill scale
> assign(solve ({
> Lobea (PKBIMaxIns, TORC2aMaxIns) = LobeaMaxIns,
> Lobea (PKBINoIns, TORC2aNolns) = LobeaNolns},
> {11, routLobeaP})):

390 > assign (solve ({
> Foxoa (PKBIMaxIns, TORC2aMaxIns) = FoxoaMaxIns,
> Foxoa (PKBINoIns, TORC2aNolns) = FoxoaNolns},
> {fl, routFoxoaP})):
> assign (solve ({

395 > TSCa(PKBIMaxIns, TORC2aMaxIns) = TSCaMaxIns,
> TSCa(PKBINoIns, TORC2aNolns) = TSCaNolns},
> {t1, routTSCaP})):
> assign (solve ({
> PKBI(0) = PKBINolns,

400 > PKBI(initInRX /2) = PKBIMaxIns},
> {routPKBIP ,pl})):
> assign (solve ({
> TORCla(LobeaMaxIns) = TORClaMaxIns,
> TORCla(LobeaNoIns) = TORClaNolns},

405 > {TORC1lalnfLobea, TORClaNoLobea}) ) ;
> assign (solve ({
> S6Ka (TORClaMaxIns) = S6KaMaxIns,
> S6Ka(TORClaNolns) = S6KaNolns},
> {s1,52}));

410 > assign (solve ({
> TORC2a(S6KaMaxIns, initInRX /2) = TORC2aMaxIns},
S {e21);
>
#Enforce Constraints

415 > assign (solve ({
> X4EBPa(FoxoaMaxIns) = X4EBPaMaxIns,
> X4EBPa(FoxoaNoIns) = X4EBPaNolns},
> {x1,routX4EBPaP}));
> assign (solve ({

420 > X4EBP(TORClaMaxIns, X4EBPaMaxIns) = X4EBPMaxIns,
> X4EBP(TORC1laNolns, X4EBPaNolns) = X4EBPNolns},
S a3x));
>
> sol := solve ({

425 > routX4EBPaP >0,x1 > 0},
> {X4EBPalnsFac})
> assuming (routX4EBPaPRev > 0, FoxoalnsFac > 1, x2>0,
> X4EBPaMaxIns > 0, FoxoaMaxIns >0):
> X4EBPalnsFac := 0.99 * rhs(sol[2]):

430 >
> sol := solve({x3 > 0, x4> 0},{X4EBPInsFac}):
> X4EBPInsFac := 4 % lhs(sol[1]):
>
>
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435

440

445

450

455

460

465

470

475

480

485

490

495

getVals := proc(InsLevel):: list;
local sol, InR2alLevel, PKBILevel;
description ”"NONE”;
InR2aLevel := InR2a (InsLevel);
PKBILevel := PKBI(InR2aLevel);

sol := solve ({
LobeaLevel = Lobea (PKBILevel, TORC2aLevel) ,
TSCaLevel = TSCa (PKBILevel, TORC2aLevel) ,
FoxoaLevel = Foxoa (PKBILevel, TORC2aLevel),
TORClaLevel = TORCla (LobeaLevel),
S6KaLevel = S6Ka (TORC1laLevel) ,
X4EBPaLevel = X4EBPa (FoxoaLevel),
X4EBPLevel = X4EBP (TORClaLevel, X4EBPaLevel) ,
TORC2aLevel = TORC2a (S6KaLevel, InR2aLevel),

FoxoaLevel > 0
}
{FoxoaLevel, LobeaLevel, S6KaLevel,
TORClaLevel, TORC2aLevel, TSCaLevel, X4EBPLevel, X4EBPaLevel});
return [InsLevel, rhs(sol[1]), rhs(sol[2]), rhs(sol[3]),
rhs(sol[4]), rhs(sol[5]), rhs(sol[6]), rhs(sol[7]),
rhs(sol [8]) ]:
> end proc;
getVals := proc(InsLevel)::list;
local sol, InR2alLevel, PKBILevel;
description ”NONE”;
InR2alLevel := InR2a(InsLevel);
PKBILevel := PKBI(InR2aLevel);
sol := solve ({FoxoaLevel = Foxoa(PKBILevel, TORC2aLevel),
LobeaLevel = Lobea(PKBILevel, TORC2aLevel) ,
S6KaLevel = S6Ka(TORClaLevel), TORClaLevel = TORCla(LobeaLevel),
TORC2aLevel = TORC2a(S6KaLevel, InR2aLevel),
TSCaLevel = TSCa(PKBILevel, TORC2aLevel) ,
X4EBPLevel = X4EBP(TORClaLevel, X4EBPaLevel) ,
X4EBPaLevel = X4EBPa(FoxoaLevel), 0 < FoxoaLevel}, {FoxoaLevel,
LobealLevel , S6KaLevel, TORClaLevel, TORC2aLevel, TSCalLevel,
X4EBPLevel, X4EBPaLevel});
return [InsLevel, rhs(sol[1]), rhs(sol[2]), rhs(sol[3]), rhs(sol[4]),
rhs(sol [5]), rhs(sol[6]), rhs(sol[7]), rhs(sol[8])]
end proc

VVVVVVVVVVVVVVVVVVVVVVYV

fffwith (linalg):
minimalEvaluationPower := —2:
maximalEvaluationPower := +45:
evaluationPowerStep := 0.25:
evalueationPoints :=
[$(minimalEvaluationPower/evaluationPowerStep
. maximalEvaluationPower/evaluationPowerStep) |
x evaluationPowerStep:
evaluationPoints := [0, evalueationPoints []]:
results := []:
for i in evalueationPoints do
1071
results := [op(results), op(getVals(10"1i))]:
end:
memory used=91.7MB, alloc=72.2MB, time=1.62
memory used=168.0MB, alloc=72.2MB, time=3.31
memory used=244.3MB, alloc=72.2MB, time=5.02
>

VVVVVVVVVVVVVVYV
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> res := Matrix(nops(evalueationPoints) ,9,results):
> ExportMatrix (”../simulation/resultsSimple.mat”, res, target = Matlab):
>
> quit
500 memory used=257.1MB, alloc=72.2MB, time=5.26
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B. The Model

../TmpModel.psc
# Generated by PySCeS 0.8.0 (2012—03—-01 05:37)

# Keywords
Description :
Modelname: test
Output_-In_Conc: True
Species_In_Conc: True

# GlobalUnitDefinitions
UnitVolume: litre, 1.0, 0, 1
UnitArea: metre, 1.0, 0, 2
UnitLength: metre, 1.0, 0, 1
UnitSubstance: mole, 1.0, 0, 1
UnitTime: second, 1.0, 0, 1

# Compartments
Compartment: all, 1.0, 3

# Reactions
rinRheba@all:
$pool > Rheba
rinRheba_rinRhebaP

routPI3Ka@all :
PI3Ka > $pool
PI3KaxroutPI3Ka_routPI3KaP

rlr@all:
InR2 > {2.0}InR1
InR2*rlr_r1rP

r9Q@all:
PIP2 > PIP3
PI3KaxPIP2%xr9_r9P

r45Qall:
TSCa > TSC
PKBaaxmaxATP*TSCaxr45_r45P

r62@all:
$pool > X4EBPa
Foxoaxr62_r62P

rd7Qall:
Rheba > Rheb
RhebaxTSCaxrd7_rd47P

rd1@all:
TSCa > TSC
PKBal*maxATP*TSCaxr41_r41P
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r43@all:
TSCa > TSC
PKBa2*maxATP*TSCaxr43_r43P
55
r27Q@all:
Foxoa > Foxo
PKBalxmaxATPxFoxoa*xr27_r27P

60 routFoxoa@all:
Foxoa > $pool
FoxoaxroutFoxoa_routFoxoaP

routRheba@all :
65 Rheba > $pool
RhebaxroutRheba_routRhebaP

r24@all:
PKBal > PKBaa
70 TORC2a*maxATP+PKBal*r24_r24P

r49@all:
Rheb > Rheba
RhebsmaxGEF*r49_r49P
75
rinpl10@all:
$pool > pl10
rinp110_rinp110P

80 r2l1@all:
PKBa2 > PKBaa
maxATPxmaxPDK1xPKBa2xr21_r21P

r54r@Qall:
85 S6Ka > S6K
S6Kaxrb54r_r54rP

r51@all:
TORCla > TORC1
90 Lobea*xTORClaxr51_r51P

routLobea@all :
Lobea > $pool
LobeaxroutLobea_routLobeaP
95
rinFoxoa@all :
$pool > Foxoa
rinFoxoa_rinFoxoaP

100 rinPIP2@all:
$pool > PIP2
rinPIP2_rinPIP2P

r56Q@all:
105 X4EBPa > X4EBP
TORClaxmaxATP+xX4EBPaxr56 _r56 P
rinTORC1@all:
$pool > TORC1
110 rinTORC1_rinTORCI1P

rinLobea@all:
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115

120

125

130

135

140

145

150

155

160

165

170

$pool > Lobea
rinLobea_rinLobeaP

rinp60@all :
$pool > p60
rinp60_rinp60P

routPIP2@Qall:
PIP2 > $pool
PIP2xroutPIP2_routPIP2P

r7rQall:
PI3Ka > PI3K + Chicoa
PI3Kaxr7r_r7rP

routTSCa@all :
TSCa > $pool
TSCaxroutTSCa_routTSCaP

routX4EBPa@Qall :
X4EBPa > $pool
X4EBPaxroutX4EBPa_routX4EBPaP

routPKBaa@all :
PKBaa > $pool
PKBaaxroutPKBaa_routPKBaaP

routTSCQall :
TSC > $pool
TSCxroutTSC_routTSCP

r50r@all:
TORCla > TORC1
Rheba*TORClaxr50r_r50rP

routChico@all:
Chico > $pool
Chico*routChico_routChicoP

r62r@all :
X4EBP > X4EBPa
X4EBP*r62r_r62rP

rl5@all:
PKB > PKBal
maxATP+maxPDK1+«PKB*xr15_r15P

r12@all:
PKBI > PKB
PKBI«PIP3xr12_r12P

rl1@all:
PIP3 > PIP2
maxPTEN+«PIP3*xr11_r11P

rTORC2a@all:
TORC2 > TORC2a
InR2a+xTORC2xrTORC2axTORC2aP

routLobe@all :
Lobe > $pool

91



175

180

185

190

195

200

205

210

215

220

225

230

LobexroutLobe_routLobeP

ri8@all:
PKB > PKBa2
TORC2a*xmaxATP+*PKB+r18_r18P

ré6rQall:
PI3K > p60 + pll0
PISK*r6r_r6rP

r39Qall:
Lobea > Lobe
PKBaaxmaxATPx*Lobeaxr39_r39P

r35Qall:
Lobea > Lobe
PKBal*maxATPx*Lobeaxr35_r35P

r50Q@all:
TORC1 > TORCla
TORC1#Rheba*xr50_r50P

r37Q@all:
Lobea > Lobe
PKBa2xmaxATPx*Lobeaxr37_r37P

r30Qall:
Foxoa > Foxo
PKBa2xmaxATP*Foxoa*xr30_r30P

r2r@all:
InR2a > InR2
InR2axr2r_r2rP

r54@all:
S6K > S6Ka
TORClaxmaxATP*S6K+r54_r54P

r33@all:
Foxoa > Foxo
PKBaasmaxATP*Foxoaxr33_r33P

r5Qall:
Chico > Chicoa
InR2axmaxATPx Chicoxr5_r5P

r6Qall:
p60 + pll10 > PI3K
p60xpl10xr6_r6P

r7Qall:
PISK + Chicoa > PI3Ka
Chicoa*PI3K*r7_r7P

rl@all:
{2.0}InR1 > InR2
InR1+%InR1%rl1_r1P

r2Q@Qall:

InR2 > InR2a
InR2+*maxIns*r2_r2P
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235

240

245

250

255

260

265

270

275

280

285

290

295

rinChico@all:
$pool > Chico
rinChico_rinChicoP

rinX4EBPa@all :
$pool > X4EBPa
rinX4EBPa_rinX4EBPaP

routFoxo@all:
Foxo > $pool
FoxoxroutFoxo_routFoxoP

r61@all:
TORC2a > TORC2
S6KaxmaxATP+*TORC2axr61_r61P

rinTSCa@all:
$pool > TSCa
rinTSCa_rinTSCaP

routTORC1@all:
TORC1 > $pool
TORCl#routTORC1_routTORC1P

routPKBIQall :
PKBI > $pool
PKBIxroutPKBI_routPKBIP

rinPKBI@all :
$pool > PKBI
rinPKBI_rinPKBIP

routp60@all:
p60 > $pool
p60xroutp60_routp60P

routpl10@all:
pl10 > $pool
pll0xroutpl10_routpl10P

routPKBal@all:
PKBal > $pool
PKBalxroutPKBal_routPKBalP

r51rQall:
TORC1 > TORCla
Lobea*TORCl*r51r_r51rP

# Fixed species

# Variable species
Rheba@all = 145
PI3Ka@all 3
InR2@all = 1
InR1@all = 0
PIP2@all = 53
PIP3@all 75
TSCa@all 28
TSC@all = 85
X4EBPa@all = 60
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Rheb@all = 38
Foxoa@all = 40
Foxo@all = 108
PKBal@all = 51
300 PKBaa@all = 1
pllo@all = 74
PKBa2@all = 99
S6Ka@all = 53
S6K@all = 47
305 TORCla@all = 14
TORC1@all = 85
Lobea@all 1
X4EBP@all = 82
p60Q@all = 75
310 PI3K@all = 115
Chicoa@all = 0
Chico@all = 8
PKB@all = 47
PKBIQ@all = 11
315 TORC2@all = 3
TORC2a@all = 97
Lobe@all = 102
InR2a@all = 54

320 # Parameters
rinRheba_rinRhebaP = 1.0
routPI3Ka_routPI3KaP = 1.
rlr_rlrP = 0.049261

0

r9_r9P = 0.1

325 r45_r45P = 0.01
maxATP = 1.0
r62_r62P = 0.088119

r4d7_r47P = 10.0
r41_r41P = 0.01

330 r43_r43P = 0.01
r27_r27P = 0.01
routFoxoa_routFoxoaP = 0.67033
routRheba_routRhebaP 0.01
r24_r24P = 0.00010111

335 r49_r49P = 10.0
maxGEF = 100.0
rinpl110_rinpl110P = 1.0
r21_r21P = 0.0005
maxPDK1 = 100.0

340 rb54r_r54rP = 90.0
r51_r51P = 22.099
routLobea_routLobeaP = 0.020313
rinFoxoa_rinFoxoaP = 67.703
rinPIP2_rinPIP2P = 1.0

345 r56_r56P = 10.0

rinTORC1_rinTORC1P = 1.0
rinLobea_rinLobeaP = 2.0313
rinp60_rinp60P = 1.0
routPIP2_routPIP2P = 0.01

350 r7r_r7rP = 0.036666
routTSCa_routTSCaP = 0.67033
routX4EBPa_routX4EBPaP = 0.1
routPKBaa_routPKBaaP = 5.4545
routTSC_routTSCP = 0.50275

355 r50r_r50rP = 1.0
routChico_routChicoP = 0.01
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360

365

370

375

380

385

390

r62r_r62rP
rl5_r15P =
r12_r12P =
rll_r11P =

= 97.727
0.001
0.011
0.00090909

maxPTEN = 100.0
rTORC2arTORC2aP = 10.0
routLobe_routLobeP = 0.02011

r18_r18P =
rér_r6rP =
r39_r39P =
r35_r35P =
r50_r50P =
r37_r37P =
r30_r30P =
r2r_r2rP =
r54_r54P =
r33_r33P =
r5_r5P = 0.
r6_.r6P = 0.
r7_r7P = 1.
rl_r1P = 0.
r2_r2P = 0.

0.0010111
1.1
0.01
0.01
0.363
0.01
0.01
0.1
10.0
0.01

00203

022

0

1

1

maxIns = 100.0

rinChico_rinChicoP = 1.
rinX4EBPa_rinX4EBPaP =
routFoxo_routFoxoP = 0.

r61_r61P =

0
0777
0.21894

rinTSCa_rinTSCaP = 67.033
routTORC1_routTORC1P = 0.01
routPKBI_routPKBIP = 0.11
rinPKBI_rinPKBIP = 11.0
routp60_routp60P = 0.01
routpl10_routpl10P = 0.01
routPKBal_routPKBalP = 0.1
r51r_r51rP = 0.33
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Figure B.1.: The model without ATP and ADP. A yellow star means that this reaction

reduces ATP to ADP
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