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Abstract

In this thesis, we study the characteristics of boolean networks which
mimic signalling pathways. We use the FGF (Fibroblast Growth Fac-
tor) pathway as a case study. Exact molecular interactions and feed-
backs in the FGF pathway are unclear. Therefore, the boolean mod-
elling is suitable formalism for its analysis. Based on literature we
have built boolean models of the FGF pathway.

The activity of the FGF pathway can have either transient or sus-
tained profile. However, the molecular mechanism responsible for
differences in the pathway activity is unknown. We have expressed
this two qualities formally in LTL. Using the NuSMV model checker
we have analysed our models for given qualities. Based on our ana-
lysis we suggest that the negative feedbacks in the FGF pathway re-
gulate the pathway activity.

To comprehensively visualize the model dynamics we have im-
plemented a DFS algorithm which depicts in gnuplot all paths in the
state transition graph reachable from an initial node.
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1 Introduction

Surviving of living cells depends on their ability to perceive and cor-
rectly response to their environment. Cells accept chemical signals
by receptors on their plasma membrane. The receptors trigger chain
of biochemical reactions which result in complex cellular response.
The process of spreading the signal on particular molecules is called
signalling pathway.

Signalling pathway can be viewed as a network of mutual inter-
actions among signalling molecules. It is a complex system which
is not intuitive due to various feedbacks and crosstalks. Recently, the
computational modelling is more often used to analyse the signalling
pathways structure and behaviour. We can use the computational
models to make hypotheses about the role of signalling molecules
in diseases and to make predictions which can be experimentally
tested.

Continuous models using ODE (Ordinary Differential Equations)
provide accurate system analysis. However, their accuracy strong-
ly depends on the exact molecular concentrations and reaction rates
which are often unknown due to the limitations of today’s experi-
mental techniques. Therefore, in practice most of the model param-
eters are based on estimation and inference. In many cases, we can
clarify the basic system mechanisms without the need of complicated
continuous model, by using logical models which discretize the un-
known continuous parameters.

In this thesis, we study the characteristics of boolean networks
which mimic signalling pathway. We use the FGF (Fibroblast Growth
Factor) pathway as a case study. Exact molecular interactions and
feedbacks in the FGF pathway are unclear and thus the boolean mod-
elling is suitable formalism for its analysis.

Cells respond differentially depending on how long the FGF path-
way is active [16]. The pathway activity is either transient (approx-
imately 2 hours) or sustained (more than 12 hours). The molecular
mechanism responsible for different duration of FGF pathway activ-
ity is not known.

To address this issue, we have built several models of FGF path-
way based on the literature and unpublished experimental data pro-
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duced by Pavel Krej¢i’s group from the Department of Experimental
Biology MU. The models explain the behaviour of the pathway on
the logical level.



2 FGF2 signalling pathway

FGF signalling pathway is one of the most important pathway in hu-
man physiology and development. During embryonic stage, it is in-
volved in cell proliferation, differentiation and migration. In adults,
it plays an important role in nervous system, tissue repair and tumor
angiogenesis[10].

Considering the number of biological processes that are regulated
by FGF pathway, it is clear that deregulation of the pathway has se-
vere impact on the organism. Mutations in FGF receptors (FGFRs)
were identified in a variety of human cancers as well as variety of
human skeletal dysplasias[1)} 11].

The FGF protein family has 22 members and is recognized by 4
receptors (FGFRs). In this thesis, we focus on FGF2 and its receptor
FGFR3.

2.1 Biological background of FGF2 signalling
pathway

The following section introduces main proteins which are involved
in FGF2 signalling. They are summarised in the figure

FGF2

FGEF2 is external signal which binds to specific membrane receptors
and triggers the signal transduction in the cell. FGF2 activates a spec-
trum of signal transduction pathways. Among those, MAPK path-
way which is necessary for the growth arrest [16].

FGFR3

FGF receptor 3 (FGFR3) is a cell surface receptor. It has extracellular
domain with high affinity towards FGF2 and intracellular domain
with tyrosine kinase activity which in active state gains the ability to
phosphorylate other proteins on tyrosine residues.
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Figure 2.1: Schema of FGF2 pathway[17]. FGF2 activates Erk via the
FGFR3/Ras/MAPK pathway. FGFR3 utilizes at least three adaptors
(Frs2, Gabl, and Shc) to recruit Sos in order to activate Ras. Sos
is complexed with Grb2 and also might be complexed with Shp2.
Both Frs2 and Gab1 recruit Shp2-Grb2-Sos and Grb2-Sos complexes,
whereas Shc recruits mostly Grb2-Sos.

FGF2 binds to FGFR3 and promotes the formation of FGFR3 dimer
[14]. The FGFR3 changes its conformation which triggers its tyro-
sine kinase activity [20]. It leads to transphosphorylation of key ty-
rosine residues on receptor intracellular part. The activated receptor
then phosphorylates multiple intracellular proteins, including adap-
tor proteins Frs2, Shc and Gabl1.

Signal is propagated downstream by the recruitment of singalling
complexes Grb2-Sos or Shp2-Grb2-Sos which consequently activate
MAPK pathway[17]. The complexes bind to Frs2, Shc and Gabl or
less frequently they bind directly to FGFR3.

Frs2

Fibroblast Growth Factor Receptor Substrate 2 (Frs2) functions as a
major mediator of signalling via FGFRs [18]. The Figure 2.2] depicts

4



2. FGF2 SIGNALLING PATHWAY

the structure of Frs2 protein. It has multiple tyrosine residues which
are phosphorylated by FGFR3. This residues serve as binding sites
for downstream molecules Grb2 and Shp2. Shp2-Frs2 binding leads
to MAPK pathway activation. The Grb2-Frs2 binding mostly leads
to the activation of different pathway (PI-3 kinase) and plays only
secondary role in activation of MAPK pathway.

Negative feedback on Frs2

Apart from tyrosine residues, phosphorylation on Frs2 occurs also
on several threonine residues. This phosphorylation is mediated by
downstream kinase ERK and has inhibitory effect on Frs2. Frs2 thre-
onine phosphorylation results in reduced tyrosine phosphorylation
and decreased recruitment of downstream molecules and consequent
attenuation of MAPK pathway [18].

PI-3 kinase pathway MAPK pathway
FGFR-binding Grb2-binding Shp2-binding
f 1 r 1 e
tyrosine residues. tyrosine residues
FRS2 PTB
E]

threonine residues

Figure 2.2: Structure of Frs2 docking protein [18]. Myristyl group
(Myr) anchors the Frs2 in the plasma membrane. PTB (phosphoty-
rosine binding domain) binds to FGFR3. Several tyrosine residues
function as binding sites for downstream molecules Grb2 and Shp?2.
Several threonin residues are crucial for negative feedback loop.

Shc

Shc is an adaptor protein that binds through SH2 domain to FGFR3
and forms complex with Grb2-Sos under FGF2 stimulation[17].
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Gab1

GRB2-associated-binding protein 1 (Gab1) is adaptor protein that binds
Shp2-Grb2-Sos complex under the FGF2 stimulation[17].

Grb2

Growth factor receptor-bound protein 2 (Grb2) is an adaptor protein
composed of one SH2 domain and 2 SH3 domains [19]. The SH2 do-
main binds to phosphotyrosine on receptors or adaptor proteins, e.g.
Frs2 and Shc. The SH3 domains bind to several proline-rich peptides,
manely Sos.

Sos

Son of sevenless (Sos) is guanine nucleotide exchange factor that acti-
vates the Ras protein by catalyzing formation of Ras-GTP complex[9]].
Sos is constitutively bound to Grb2 in a complex Grb2-Sos.

Negative feedback on Sos

Several Sos serin residues are phosphorylated by ERK[8]. The phos-
phorylation results in disruption of the Grb2-Sos complex and inhi-
bition of Grb2-Sos binding to adaptors.

Shp2
Shp2 is involved in many signalling pathways, including FGF path-
way, and interacts with various proteins [18]. It contains 2 SH2 do-

mains which bind Frs2. FGF stimulation leads to tyrosine phospho-
rylation of Shp2 and association with the Grb2-Sos complex [2].

Ras

Ras is a GTP binding protein which is connected to plasma mem-
brane. It is active if it binds GTP and inactive if it binds GDP. Active

6
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Ras is recognized by Raf protein [5]. They formate a complex which
leads to activation of MAPK pathway.

MAPK pathway

The MAPK pathway represents a major pathway utilized by FGF2
signalling [11]]. It consists of serin/threonin kinases RAF, MEK, ERK
which transmit signal downstream in cascade-like manner. RAF phos-
phorylates MEK and afterwards phosphorylated MEK phosphory-
lates ERK. Phoshorylation of ERK results in transcription of genes
involved in cell growth and division.

P-ERK provides several negative feedbacks that attenuate FGF
signalling and thereby protects the cell from excessive activation of
FGFR[S8, 18]].

2.2 Behaviour of FGF2 signalling

The overtime behaviour of FGF2 pathway can be measured as a level
of phosphorylated downstream molecules, e.g. phosphorylated ERK
(P-ERK) [16]. The cell response depends on how long the P-ERK level
is increased.

In most of the cell types, the pathway activity is transient (ap-
proximately 2 hours). In this time range the level of P-ERK rapidly
increases and then decreases to minimum (Figure [2.4a)).

In chondrocytes, the cell type responsible for bone growth, the
pathway activity is sustained (Figure[2.4b). The P-ERK level increases
and then stays increased (with slight fluctuations) in the range of
12 hours (Figure 2.3). The sustained increased P-ERK level leads to
growth arrest. The molecular mechanism responsible for differences
in the FGF2 pathway activity is not clear.
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Figure 2.3: Sustained behaviour of the FGF pathway in chondrocyte-
like cells [16]. The level of P-ERK was measured in the 24 hours long

range of incubation with FGF2. The data are expressed as ratio be-
tween the optical density of P-Erk1/2 and total Erk1/2.
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Figure 2.4: Schematic time course of ERK activity. (a) Transient ERK
activity [23]. (b) Sustained ERK activity [27].



3 Methods

3.1 Boolean models

In this theses, we use the boolean model definition as it is described
in the paper by Barnat et al. [4]. The definition comes from Thomas’
extension of boolean networks which is implemented in GINsim tool
[24,22]. The framework was designed to model gene regulatory net-
works (GRN) but it is neverthless suitable for modelling of signalling
pathways as well since the GRN and signalling pathways share ba-
sic principles. The approach has been applied to modelling signalling
pathways in the studies [25] 13].

GRN is a collection of genes which interact with each other by
gene products (RNA or proteins). Thus it can be presented as a net-
work where nodes are genes and edges are regulatory interactions.
Each node can gain binary value. It is either on (the gene is active,
transcribed) or off (the gene is inactive, nottranscribed).

In case of signalling pathway, the nodes represent signalling pro-
teins and the edges represent regulations, mostly phosphorylation or
dephosphorylation. The proteins are usually in on state when they
are phosphorylated and in off state when they are dephosphory-
lated, but it can also be vice versa.

3.1.1 Boolean models definition

Here we present the boolean model definition according to Barnat
et al. [4]. The boolean model is formally described as a tuple B =
(G,0,0,p, L) where

e G = (V,E) is a directed regulatory graph with vertices V' =
{91, ..., gn} denoting proteins of signalling pathway and set of
edges I/ C V x V denoting regulations.

e o(e) € {+, —} denotes the type of regulation e € E: positive (+)
or negative (—),

o 0(e) € N>, denotes the activation threshold of e € F,
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° p(g;) € N>; denotes the maximum activity level of g; € V de-
termining the activity domain {0, ..., p(¢;)},

° L is regulatory logic definedas L = {K;p |1 <i<n,RC {v e
V| (v,g;) € E}} where K, p denotes target activity level of g;
when regulated by all signalling proteinsin R, 0 < K; r < p(g;)-

3.1.2 Boolean models example

The most suitable for modelling signalling pathways is a special type
of boolean models, the purely boolean models. It has the maximum
activity level of all vertices set to 1 [4]. Figure[3.1a|depicts an example
of simple purely boolean model B’ = (G, 0,6, p, L) where

e G = (V,E) is the graph with the vertices V = {A, B} and the
edges E = {(A, A), (A, B), (B, A)}.

Ku4,0=1

The rule Kp, {A} = 1 declares that when activity level of A is higher
than threshold then it activates B. The rule K4,{A} = 1 declares
autoactivation of A. The rule K4,{A, B} = 0 defines the activity
A when interactions with both A and B are active. And the rules

10
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Ka,0 = 1and Kg,0 = 0 define the basal activity level of A and B
which corresponds to the situation when all incoming interactions
are inactive.

The regulatory logic we choose here is one of 2° possible parametriza-
tions since each regulatory rule can be set to 0 or 1.

-1 01— 1"
-|-'| | }
o
—
=1 00 |——s| 10

(a)
(b)

Figure 3.1: (a) Simple boolean model example. (b) Dynamics of the
model depicted by the transition graph.

3.1.3 Boolean models semantics

The directed regulatory graph of a boolean model B consists of nodes
90; ---, gn- The node g; can gain one of several different values 0, ..., p(g;).
A state of the model B is n-tuple of the values of all nodes 5 [4].

For example the model B’ from consists of two nodes A and
B which both can gain the value of either 0 or 1. Therefore, the model
B' can occur in four distinct states 00, 10, 11, 01. The semantics of the
model B’ can be depicted by transition graph where the nodes de-
note the states and the edges denote the transitions between them
(figure 3.1Ib). The construction of transitions is defined later in the
text.

Formally the semantics of a model B is defined as the tuple BT'S(B) =
(S,T,Sy) where

e  S=T["{0,...,p(g;)} is the state space.
° So C S is the set of specified initial states.

° T C S x S is the transition relation which is defined later.

11
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The state space is the set of all distinct states of the model. The
transition relation determines the transitions between the states in
the transition graph. Several strategies how to construct the tran-
sition relation have been developed [12]. In this thesis, we use the
nondeterministic asynchronous approach which allows a change of
the activity level of only one signalling protein in a single transi-
tion [26),15].

The transition relation is defined as follows [4]. First we denote
the level of g; in the state s € S by [;(s). Assume there is a regulation
e = (g;,9;) € E between genes g;, g;. We say that g; is a resource for
gjinsif o(e) = + and [;(s) > 6(e), or o(e) = — and [;(s) < O(e). Let
Re(s, g;) denote the set of all resources of g; in s. There is transition
s — s" according to the following rules:

° If there exists u such that K, pe(s g.) > lu(s) then
Lu(s") = l.(s) + 1.

° If there exists u such that K, pe(s,g,) < lu(s) then
L(s") = L.,(s) — 1.

3.2 Linear temporal logic

In this section we define the Linear Temporal Logic (LTL) which we
use to formally describe characteristics of boolean model behaviour.

Fist we denote P(B) the set of all runs 7 in the transition graph
BT'S(B). Each infinite run © = s¢, s1,... € BT'S(B) belongs to P(B).
For each finite run s, ..., s, € BT'S(B) such that there is no outgoing
edge from s, there is an infinite run = = sy, ..., Sy, Sn, Sn, ... € P(B).

Let * for 7 = sg, 51,... denote the run s;, s;,1,... where fisrt i
states are removed and 7, denote the first state of the run .

Syntax of LTL is defined by the following equation in BNF:

pu=ploNe || Xeo| olUe,

where p belongs to the set of atomic propositions AP [7]. Atomic
propositions are statements in form g; ot where o € {=,>,<, <, >}
and g; belongs to set of the vertices of the regulatory graph of model
B and ¢ belongs to the activity domain {0, ..., p(g;)}.

12
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Semantics of LTL is defined over the set of all runs P(13) as follows
[7]. We say that a run 7 = s, s1, . . . satisfies an LTL formula, written
7 = ¢, if and only if:

. 7 = piff p € L(m) for p € AP where L(s) is a set of all atomic
propositions g; ot such that the constrain g; ot holds in the state
s.

o TEeANYiffT Epand T = ¢
o TEXypiffrl

o 7 Uy iff Ik > 0suchas 7* = ¢ and Vi € {0,...,k — 1}
holds 7 |= ¢

. T —piffnotm = ¢

In addition, LTL can be extended with the temporal operators
Fp = trueldp and Gy = - F—¢ and with the boolean connectives
V,= where ¢ V¢ = =(-p A ) and ¢ = 1 = - V 1.

LTL can be directly interpreted over P(B). Given a dynamic sys-
tem BT'S(B) with a particular set of initial states S, we can say that
BT'S(B) satisfies a formula ¢, written BT'S(B) = ¢, only if for each
s € Sp all runs m € P(B) such that 7y = s satisfy ¢ [3]].

Automated process of verifying that a given model satisfies a
given logical formula is called model checking[7].

3.3 GINSim

GINsim (Gene Interaction Network simulation) is a computer tool
for the modelling and simulation of GRN which implements the Tho-
mas’ extension of boolean networks [22, 24]. GINsim leans on two
main types of graphs: logical regulatory graphs, which model reg-
ulatory networks, and state transition graphs, which represent their
dynamical behaviour.

GINsim offers several tools to analyse the state transition graph.
The tool "search path" allows to find a path between two different
states of the state transition graph. The result of "search path" is the
tirst encountered shortest path. However, for the purposes of our

13
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analysis we needed to extract all the paths reachable from initial
states and visualize them in an automated manner. GINsim does not
support this functionality therefore we implemented our algorithm
to search paths by DFS. We present it later in the section

34 NuSMV

NuSMV is a symbolic model checker [6]. It is used to verify that a
given boolean model satisfies a given LTL formula. If the model does
not satisfy the formula then the model checker gives one counterex-
ample of a path which does not satisfy the formula.

Models defined in GINsim can be directly exported into a NuSMV
file [21]]. Before the export the initial states can be set which reduce
the transition graph only to paths reachable from initial states. If the
initial states are not set then a given LTL formula is interpreted over
the full transition graph where all states are initial.

3.5 Implementation of DFS algorithm

For the purposes of our analysis we needed to extract all the paths
in the state transition graph reachable from initial states and visu-
alize them in an automated manner. We implemented algorithm to
search paths by DFS(Depth First Search, see Algorithm [I). The al-
gorithm takes as the input the state transition graph G and one ar-
bitrary initial state s, € G. The algorithm finds all paths sy, ..., s;
where there is no outgoing edge from s;. And it also finds all pairs
p(preffix, cycle) € G where:

e  preffix = s,...,s, is a path connected to the cycle by the edge
Sp — Sp-

o cycle = sg,...,s), is a cycle such that s/, = s{ and there is no
state twice in the cycle.

Correctness of the Algorithm [1| can be proved by the fact that each
path occurs on the stack S exactly once. The while cycle has at most
n! iterations because there is at most n! paths in the graph with n
vertices. Since there is at most n! iterations of while cycle and single

14
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iteration is linear in graph size, the complexity of the algorithm is
n!. The algorithm is not scalable and it is intended for small graphs.
To analyse large graphs, we use different approach based on model
checking.

Algorithm 1 DF'S(G, initial Node)

1: S < empty stack
2: S.push((initial Node, successors(initial Node)))
3: while S not empty do

4 if second(S.top()) = empty then!
5 S.pop(); continue
6 next <— any element from second(S.top())
7: remove next from second(S.top())
8
9: if In € S such that first(n) = next then?
10: report cycle
11: else
12: S.push((next, successors(next)))
13: if successors(next) = empty then
14: report path

Implementation details

The implementation uses the state transition graph exported from
GINsim in "Jayout" file where each line of the file defines two nodes
connected to each other by directed edge. The program parses the
"layout" file then it processes the DFS algorithm and visualizes each
path by the multiplot of the proteins” activity time courses.

The program is written in c++11. It uses Gnuplot-iostream inter-
face which involves sending commands to Gnuplot. The Gnuplot
4.6. version is required. The source code was written in Visual Stu-
dio which is required for the compiling. The program can be run
by the command "./NPF.exe [fileName].layout" from the command

1. second(s) returns second element of tuple s
2. first(s) returns first element of tuple s

15
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line. The user is asked to choose one of the nodes of the state transi-
tion graph as the initial node. For each processed path the program
creates a file "path.data" with the plot coordinates. For each path is
generated a graph saved as "plot.png".

Figure is example of program output. Program takes as in-
put the state transition graph (Figure and initial node 1000 and
returns all paths reachable from 1000. Only two of them are shown
here.

3.6 Experimental data

Western blot

Western blot is one of the most commonly used method in the stud-
ies of signalling pathways. The proteins extracted from the cell lysate
are loaded on electrophoretic gel where they are separated by 3D
structure or by length. Then they are transferred to a nitrocellulose
or PVDF membrane where they keep the exact same position as they
had on electrophoretic gel. Afterwards they are bound with stained
antibodies specific to the target protein. The protein levels are evalu-
ated by densitometry.

The final image consists of several bands, each band corresponds
to single protein (Figure [3.4). Western blot is used as a qualitative
indicator if protein activity is up or downregulated based on how
intense the band is. The band intensity depends on several factors
which are stochastic. Therefore, the intensity cannot be reproduced
in two different measurements on different gels. Western blot gen-
erates qualitative data. It allows to find out general trends in data
rather than absolute quantification of proteins.

Experimental data

s 2s

We have been provided with western blot data by Pavel Krej¢i’s group
from the Department of Experimental Biology MU. They measured
the overtime behaviour of the FGF pathway as the level of phospho-
rylated downstream molecules, phosphorylated ERK (P-ERK) and
phosphorylated FRS2 (P-FRS2).

16
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1100 — 1101
hrozg

1 |
JEDSCON

1110 — 111

(a) The state transition graph which the program uses as an input.

y " 4 spacies —— | 'l ' ‘ 4. species_:
0 1 2 3 4 0 1 2 3 4 ]
time time
] "3 specieé — ' ' ‘ 3. épecies |
0 1 2 3 4 0 1 2 3 4 5
time time
y " 2 species —— | 11 ' ‘ 2 species -
0 1 2 3 4 0 1 2 3 4 5
time time
y ' 1.specie5's —_— 1 ' ‘ 1 épecies '
0 1 2 3 4 0 1 2 3 4 5
time time

(b) Path (1000,1100,1110,1010) (c) Path (1000,1001,1101,1111,1011)

Figure 3.2: Demonstrative run of the DFS implementation. The pro-
gram takes as the input the state transition graph (a) and the initial
node 1000 and returns all paths reachable from the initial node. Only
two path are shown here (b and c). The grey background denotes a
cycle. The path (b) consists of a single cycle. The path (c) ends with
terminal state 1011 which is shown as a single state cycle.
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Western blot images (Figure were evaluated by software to
quantify the relative amount of proteins by both the area and the in-
tensity of bands in terms of optical density. The Figure3.3|depicts the
summary of 12 independent measurements of P-ERK. The data are
variable and does not allow absolute quantification of P-ERK. We can
only extract general trend in data which corresponds to sustained P-
ERK activity (section 2.2). The level of P-ERK rapidly increases in 2
hours and slowly decreases in the range of 12 hours. The same trend
can be found in P-FRS2 measurements (data not shown).

Regarding the qualitative character of data it is eligible to abstract
them as boolean values.

P-ERK summary of 12 measurments

——

1e+05
I

Be+04

6e+04
1
|

48404
|
|
.

|

2e+04

08+00
|

10min 30min 1h 2h 4h 6h 8h  10h 12h

Duration of FGF treatment

Figure 3.3: Boxplot of 12 independent measurements of ERK activity
in hESC and RCS cells.
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10" 30' 1h 2h 4h 6h 8h 10h 12h Control

P-ERKA1 —-——
P-ERK2 e

Figure 3.4: Example of western blot image. RCS cells were treated for
indicated time with FGE. Control comes from untreated cells.
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4 Results

Based on the biological knowledge we have built several models of
the FGF signalling pathway. We have implemented the models in
GINsim and we have analysed properties of their dynamics with our
implementation of DFS and with the model checker NuSMV.

4.1 Analysed properties

We use the activity of ERK as a main indicator of the FGF pathway
behaviour. We focus on two properties of the FGF pathway, transient
and sustained ERK activity. Additionally, we analyse transient and
sustained FRS2 activity. We formally define the properties by the fol-
lowing LTL formulae:

e F(ERK >0)AGF(ERK < 1) expresses transient ERK activity.

o F(FRS2>0)ANGF(FRS2 < 1) expresses transient FRS2 activ-
ity.

e  FG(ERK > 0) expresses sustained ERK activity.

. FG(FRS2 > 0) expresses sustained FRS2 activity.

e FG(ERK > 0)ANFG(FRS2 > 0) expresses sustained ERK and
FRS2 activity.

We say that a given model B allows transient/sustained behaviour
if there is at least one run in BT'S(B) which satisfies the LTL formula
describing transient/sustained ERK activity.

4.2 Models

We present the models in the form of schema of the regulatory graph
G(V, E) where positive interactions are marked by symbol — and
negative interactions by symbol . The following two constraints
hold for all models: Vg € V' : p(g) = 1 and Ve € E : f(e) = 1. There-
fore, all models are simply boolean and each node can gain binary
value, either O or 1.
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4. RESULTS

For each model we set the topology, the regulatory logic and the
initial states for construction of the state transition graph. We explain
the model settings based on the biology of the FGF pathway:.

As initial, we choose all states where FGF is 1 because we want to
mimic the dynamics of the system in FGF stimulated cells.

4.3 Model M1

The Figure depicts the topology of the model M1. It is a basic
model which consists of three proteins (FGF, FRS2, ERK).

The edge <FGF, FGF> simulates the constitutive stimulation of
cells by FGF. The edge <FGF, FRS2> simulates the signal transduc-
tion through receptor and consequent FRS2 activation. The edge
<FRS2, ERK> is an abstraction of signal transduction by the MAPK
phosphorylation cascade. The edge <ERK, FRS2> mimics that ERK
phosphorylates FRS2 and consequently inhibits the FRS2 activity[18].

We set the basal activity of the proteins to zero by the rules K, ) =
0 because we want to fit the models to the control western blot mea-
surements of unstimulated cells (Chapter which show that the
FRS2 and ERK is inactive when there is no FGF in the environment.
Due to this settings, the activation of FRS2 results from the stim-
ulation by FGF. Similarly, ERK is not activated spontaneously but
it is activated by FRS2. We set it by the rules Kpgrso, {FGF'} = 1,

The model is divided into two models M1.1 and M1.2 which
differ in the settings of the rule Kpggo, { FGF, ERK}. M1.1 sets the
rule to 0 which means that the ERK negative feedback is stronger
than positive influence of FGF. M1.2 sets the rule to 1 which means
that the negative feedback is not strong enough to inactivate FRS2 if
there is positive stimulation by FGF.

4.3.1 M1 behaviour

Our analysis shows that the models M1.1 and M1.2 behave differen-
tially as a result of the regulatory logic on the node FRS2 (Figure 4.).

The model M1.2 behaves as if there is not the feedback ERK-FRS2
due to the steady FGF stimulation. Therefore, the ERK activity is sus-
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Kpar,0 =0

Kror, {FGF} =1
Krprs2,0 =0

Krppreo, {FGF} =1
Krrs2, {ERK} =0
Kprs2, {FGF,ERK} =0
Kprk,0=0
KERK,{FRSQ} =1

(b)
o}

1
o} —(
(d)

»
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(a)

Kpep,0 =0

Krep, {FGF} =1
Krrs2,0 =0

Krpprso, {FGF} =1
Krrs2, {ERK} =0
Kprss, {FGF,ERK} =1
Keri,0 =0

Kpri, {FRS2} =1
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Figure 4.1: The regulatory graph of the model M1 (a). The regula-
tory logic of the model (b) M1.1 (c) M1.2. The state transition graph
of the model (d) M1.1 (e) M1.2. The compoments in a single state
correspond to FGF, FRS2 and ERK, in this order.
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Krprs2, {FGF,ERK} =0
Kpri,0 =0
Kgri,{FRS2} =1
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Kshe, {FGF} =1
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Figure 4.2: The regulatory graph of model M2 (a). The regulatory
logic of the model (b) M2.1 (c) M2.2. Rules which are not mentioned
are the same as in M1. The state transition graph of the model (d)
M2.1 (e) M2.2. The compoments in a single state correspond to FGF,

FRS2, ERK and SHC, in this order.

tained. On the contrary, the model M1.1 allows the feedback ERK-FRS2
which results in the transient ERK activity.

4.4 Model M2

The model M2 (Figure[4.2a) is an extension of M 1. There is one addi-
tional protein SHC which allows an alternative flow of a signal. The
M2 is again devided in two models M2.1 and M2.2 which differ in
the rule KFRS27 {FGF, ERK} = 0/1

23
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44.1 M2 behaviour

Our analysis shows that the model M2.1 allows both transient and
sustained ERK activity (Figure 4.2). The transient activity is caused
by the signal transduction via FRS2 which is in cycles switched off by
the negative feedback ERK-FRS2. The sustained ERK activity results
from the signal transduction via SHC.

Compared to M1.1, the model M2.1 gains new properties due to
the SHC which allows an alternative flow of a signal.

Similarly as M1.1, the model M2.2, allows only sustained be-
haviour because the negative feedback on FRS2 cannot take place
while there is positive stimulation by FGFE.

4.5 Model M3

The model M3 is an extension of M2.2 (Figure [.3). There is one
additional negative edge <ERK,SHC> which simulates the negative
feedback ERK - Grb2-Sos [8]].

4.5.1 M3 behaviour

Our analysis shows that M3 allows both the transient and sustained
ERK activity. The transient/sustained ERK activity results from the
signal transduction via SHC/FRS2, respectively.

In addition, the FRS2 activity is also sustained. Therefore, the
model fits to our data (Chapter which show that the ERK and
FRS2 sustained activity occur at the same time.

4.6 Model M4

The model M4 extends the model M3. It contains three new com-
ponents Gab1, the complex Grb2-Sos (here as GS), and the complex
Shp2-Grb2-Sos (Shp2-GS). Gabl binds GS and Shp2-GS and SHC
binds GS [17]. FRS2 creates a complex with both GS and Shp2-GS.
However, the complex FRS2-GS does not affect the activation of ERK
according to literature [18]. Therefore it is not model here.
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Krpss, {FGF,ERK} = 1
’ Ksuc,0 =0
] [ Ksme, (FGF) =1
FRS2 SHC )
] Kspe,{ERK} =0
N, Ksuo, {FGF, ERK} =0

(a) (b)

Figure 4.3: (a) The regulatory graph of the model M3 (b) The regu-
latory logic of M3. Rules which are not mentioned are the same as
in M2.2. (c) The state transition graph of the model M3.The compo-
ments in a single state correspond to FGF, FRS2, ERK and SHC, in
this order.

The state transition graph of the model M4 has 64 nodes therefore
it is not shown here. We have analysed M4 properties using NuSMV.

4.7 Model M5

The model M5 is defined in the Figure Compared to M4, the
model M5 contains four additional components FGFR, Ras, Raf and
MEK which are known to be part of the FGF pathway. Therefore, the
model M5 is less abstract and more realistic than M4.

As initial, we choose all states where FGF and FGFR is 1 because
we want to mimic the dynamics of a cell with persistently active re-
ceptors.

The additional components do not change the properties of M4
analysed in this theses. However, they might be important for future
extension of the model and analysis of other properties of the FGF
pathway.
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Ky, 0=0

Krap, {FGF} =1
Kspco, {FGF} =1
Keapt, {FGF} =1
Kprss, {FGF} =1
Kpprss, {FGF,ERK} =1
Kpprso, {ERK} =0
Kgs, {SHC} =1

Kgs, {Gabl} =1

Kgs, {SHC, Gabl} =1
Kgs, {ERK,Gabl} = 0
Kgs,{ERK,SHC} =0

FGF |
e ¥
| SHC ‘ ‘ FRS2 ‘ | Gabt |
ERK [¢
(a)

Kgs, {ERK, SHO, Gabl} =0
Kes, {ERK} =0

Ksnp2-cs, {FRS2} =1
thpgfgs, {Gabl} =1
KShp2—GS) {FRSQ, Gabl} =1
Ksnpa—as, {ERK, FRS2} =1
KShpQ_GS, {ERK, Gabl} =1
KShpgfgs, {ERK, F‘]“BSQ7 Gabl} =1
Kshp2—cs, {ERK} =0
KERK7 {GS} =1

KERK7 {Shp2 - GS} =1
KERK7 {GS, Shp2 - GS} =1

(b)

Figure 4.4: (a) The regulatory graph of the model M4 (b) The regula-

tory logic of M4.
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FGF Kg”@:()
Krgrr, {FGF} =1

) Kspe,{FGFR} =1
e " .Gam "IE KGabl7 {FGFR} =1
; Krrs2, {FGFR} =1
Gs - =
Shp2-GS KFRSZ, {FGFR, ERK} 1
Krgrsa, {ERK} =0
‘ r'/’ KRO.S7 {GS} = ]_
K Ras, {Shp2 — GS} =1
KRas, {GS,Shp2 — GS} =1
KRaf,{RaS}Zl
MEK KuErk, {Raf} =1
| KERK,{MEK}:l

2 ®)

—~

Figure 4.5: (a) The regulatory graph of the model M5 (b) The regula-
tory logic of M5. Rules which are not mentioned are the same as in
model M4.

4.8 Summary of analysis

The Table |4.1|summarises analysed properties of the models.

Model M1 is a basic regulatory unit which consists of three nodes.
It allows either sustained or transient behaviour based on the set-
tings of logic rules on the node FRS2 which has incoming positive
and negative interaction. M1 cannot allow both types of behaviour.

In the model M2 we have implemented additional node SHC
which provides an alternative signal flow. As a result, the model
M2.1 allows both types of behaviour, however, there is not a run in
M2.1 such that it satisfies the property of sustained ERK and FRS2.
Therefore, the model M2.1 does not fit to our data that sustained
ERK activity occurs together with the sustained FRS2 activity.

The model M3 is the simplest complex model which allows tran-
sient and sustained ERK activity and which contains a run such that
it satisfies the property of sustained ERK and FRS2. The model M4
and M5 extend M3 based on the literature. They have the same
properties as M3. However, the models should be validated with
respect to other properties beyond our analysis.
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Model | ERK activity FRS2 activity | sustained ERK and FRS2
M1.1 | transient transient no

M1.2 | sustained sustained yes

M2.1 | transient and sustained | transient no

M2.2 | sustained sustained yes

M3 transient and sustained | sustained yes

M4 transient and sustained | sustained yes

M5 transient and sustained | sustained yes

Table 4.1: Properties of the models.
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5 Discussion

Using GINsim we have built seven boolean models of the FGF path-
way based on literature and unpublished western blot data. The mod-
els should be validated by additional in vitro experiments. We have
expressed the properties of transient and sustained behaviour of the
pathway by LTL formulae and analysed the models with an imple-
mentation of DFS and with the NuSMV model checker. The DFS pro-
gram was useful to clearly visualize the model behaviour. However,
it is not scalable and we used it for analysis of less complex models.
The models M4 and M35 have been analysed only by NuSMV.

Even though the boolean modelling is highly abstract formalism
it is suitable for analysis of the FGF pathway because the exact inter-
actions in the pathway are unclear. To model this system with more
expressive formalism, e.g. ODE, would require using enormous num-
ber of parameters based only on estimation. Using the boolean mo-
dels we avoid this problem and clarify the basic questions about the
FGF pathway behaviour without the knowledge of biochemical dy-
namics underlying the pathway. The models we have built can very
well serve as a scaffold for creating more expressive models in ODE.

Our analysis implies that the sustained behaviour is established
by reaching the terminal state without any outgoing edge and the
transient behaviour is established by reaching a cycle of states where
the pathway is periodically switched on and off. The increasing com-
plexity of our models allowed us to identify the regulatory rules
which model the negative feedback as a key element affecting model
properties. By a change of the regulatory rules we can evoke a change
between transient and sustained behaviour.

Based on our analysis, we suggest two hypotheses about the me-
chanism underlying the switch between transient and sustained be-
haviour of the FGF signalling pathway.

e  Single cellis capable of both, transient and sustained behaviour,
in response to FGFE. The sustained behaviour is maintained by
signalling via FRS2 and the transient behaviour is maintained
by signalling via other adaptor, e.g. SHC or an unknown adap-
tor. We can model this case as a single model with two adaptor
proteins which differ in the regulatory rules, as in the case of
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5. DISCUSSION

the model M3

Single cell has only one behaviour profile in response to FGF,
transient or sustained. The profile depends on the cell type.
Specialized cells differ in proteins which they produce. Dif-
ferences in protein concentration overstepping a threshold re-
sult in the change of regulation of signal transduction. We can
model this case as two models with the same topology and
different settings of the regulatory rules, as in the case of the
model M1.1 and M1.2.

30



6 Conclusion

In this thesis, we study the behaviour of the FGF signalling pathway
using boolean networks. In the Chapter 2| we have summarised a
brief overview of the FGF pathway. It documents the biological back-
ground based on which we have implemented seven models in GIN-
sim, a software for modelling and simulation of boolean networks.

The activity of the FGF pathway can have either transient or sus-
tained profile. The molecular mechanism responsible for differences
in the pathway activity is unknown. We have expressed this two
qualities formally in LTL. Using the NuSMV model checker we have
analysed our models for given qualities. To comprehensively visual-
ize the model dynamics we have implemented DFS algorithm which
takes as an input a model simulation exported from GINsim and an
initial node and returns all paths reachable from the initial node de-
picted by gnuplot.

Analysis of our models implies that the sustained profile is es-
tablished by reaching the stable state, the terminal state without any
outgoing edge. The transient profile is caused by reaching a cyclic at-
tractor, a cycle of states where the pathway is periodically switched
on and off. The switch between transient and sustained profile can
be induced by a change of the regulatory rules which model the neg-
ative feedback.

Based on our results, we suggest two hypotheses about the mech-
anism responsible for differences in the pathway activity. Firstly, for
a single cell to show both profiles there has to be two or more sig-
nalling proteins each of them maintaining separate signal flow which
is differentially affected by the negative feedback. Secondly, if a spe-
cialized cell type has only one profile, either transient or sustained,
then all of the separate signal flows are affected to the same level by
the negative feedback.

The models we have built can serve as scaffold for more compli-
cated models for future analysis. The models are suitable for crea-
ting hypotheses about the mechanisms of signalling pathway in ge-
netic diseases, as we are currently doing for the signal transduction
in achondroplasia disease, most common form of human dwarfism.
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A Attached files

The following directories are attached to this thesis.

NPF contains an implementation of DFS algorithm.
Ginsim contains models implemented in GINsim

layout contains the state transition graphs exported from GIN-
sim which can be used as input for NPF.exe.

Nusmv contains models in the smv format.
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B Signalling pathways

The following text summarises basic principles of signalling path-
ways. It is intended for educational purposes. It is written in Czech.
The chapters are numbered separately from the rest of the thesis.
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1 Signdlni drahy

Tento vyukovy text poskytuje obecny pfehled principti signdlnich drah.

1.1 Bunécéna komunikace

Bunécnd komunikace u mnohobunéénych Zivocicht udrzuje stabilni vnitfni prosttedi
organizmu a ¥idi jeho rlist a vyvoj. Buriky vysilaji chemicky signal do svého okoli, kde
jej detekuji ostatni butiky pomoci receptort, specializovanych proteinti, které maji va-
zebna mista specificky uzptisobend pro konkrétni signal. Signaly jsou velmi rtiznorodé.
Patii sem nap¥. proteiny, malé peptidy, aminokyseliny, nukleotidy, steroidy, retinoidy,

derivaty mastnych kyselin nebo i plyny oxid dusnaty a uhelnaty (Alberts et al., 2008).

1.2 Receptory a pfijem signalu

Rozhrani v komunikaci mezi butikou a okolim tvoii cytoplazmatickd membrana. Ta je
tvorend hlavné z fosfolipidti, coz ji ¢ini nepropustnou pro velké nebo hydrofilni mole-
kuly (obrazek 1a) (Alberts et al., 2008). Vétsina signalti tedy nemtiZe projit cytoplazma-
tickou membrénou a je pfijimana povrchovymi receptory. Povrchovy receptor je tvofen
z vnéjsi ¢asti, kterd vaZe signdlni molekuly, transmembranové ¢asti, kterd receptor ukot-
vuje v membrané€, a vnitini ¢asti, kterd prenasi signal v cytoplazmé. Vazba signalu méni
prostorovou konformaci receptoru, ¢imz se zprava piendsi do buriky.

Naopak malé hydrofobni molekuly vstupuji do cytoplazmy nebo aZ do jddra buriky;,
kde se vaZi na vnitrobunécné receptory a aktivuji je (obrazek 1b). Aktivni receptory né-
sledné podnécuji zmény v transkripci genti. Vnitrobunééné receptory maji napft. stero-
idni a thyroidni hormony.

Existuji tfi hlavni typy povrchovych receptort, a to receptory spojené s iontovymi
kanély, receptory vazané na G-protein a receptory vazané na enzym. Receptory spo-
jené s iontovymi kandly po vazbé signdlu umoziiuji prichod iontti pies plazmatickou
membréanu (obrdzek 3a). Vysledkem je rychla zména rozloZeni celkového naboje okolo
membrény. Tyto receptory pfenaseji informaci na nervovych synapsich.

Receptory vazané na G-protein jsou nejpocetnéjsi rodina receptorti. Uvniti buriky
receptor interaguje s G-proteinem, ktery je v neaktivnim stavu tvofen ze tfi podjednotek
a vaze GDP. V aktivnim stavu G-protein vaze GTP a rozpada se na dvé ¢asti, které ak-
tivuji dalsi slozky signdlni drdhy. Signalizace pfes G-protein probihd cyklicky, protoze
po aktivaci se G-protein sdim deaktivuje (obrazek 2).

Receptory spojené s enzymy obsahuji ¢ast orientovanou do cytoplazmy, kterd ma

enzymovou aktivitu. Vétsina téchto receptorti jsou tyrozinkinazové receptory (RTK),
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hydrofobni
cytoplazmaticka signal
membréana e

povrchovy

receptor cytoplazma

hydrofilni

signal bunééné jadro

cytoplazma vnitrobunéény
receptor

(a)

(b)
Obrézek 1: Pfevzato z (Alberts et al., 2008). (a) Hydrofilni molekuly nejsou schopné pro-
chéazet cytoplazmatickou membranou do buriky. Proto je detekuji povrchové receptory
ukotvené v cytoplazmatické membrané. Po vazbé na signal méni receptor konformaci,
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¢imzZ se signal prenasi do cytoplazmy. (b)Naopak hydrofobni molekuly cytoplazmatic-

kou membranou prochézeji a vazi se na vnitrobunécné receptory, které tim aktivuji.

Aktivované vnitrobunééné receptory reguluji transkripci genti v jadie.

jejichz enzymovou aktivitou je schopnost katalyzovat pfipojeni fosfdtové skupiny na
dalsi proteiny v signdlni draze (viz sekce 1.3.1) (Robinson et al., 2000). RTK jsou recep-
tory nékterych rastovych faktorti napt. EGF a FGF (Epidermal/Fibroblast Growth Factor).
Je pro né typické, ze pfi vazbé signalu vytvéfeji dimery (obrazek 3b)(Yarden a Ullrich,
1988).

1.3 Pfenos a zpracovani signdlu

V cytoplazmé pfendseji a zpracovavaji signdl hlavné signalni proteiny. Tyto proteiny
signal zesiluji, integruji se signdly z rtiznych drah, distribuuji do vice paralelnich tokti a
prenaseji ho aZ k efektorovému proteinu, ktery podniti specifickou buné¢nou odpovéd
(obrazek 4a). Efektory jsou transkripéni faktory fidici pfepis gentt do mRNA, proteiny
metabolismu nebo cytoskeletu (Alberts et al., 2008).

Informace $ifici se po signdlnich drdhdach je navic regulovand pomoci negativnich
a pozitivnich zpétnych vazeb. Negativni zpétné vazby zajistuji vypnuti aktivni drahy.
Bez utlumeni drdhy by burika ztratila citlivost a schopnost reagovat na nové pfichozi
signdl. Neschopnost utlumit nékteré signdlni drahy mtZe vést k nekontrolovanému dé-
leni bunék a vzniku rakoviny.

Informace se $iff pomoci navozeni zmeén v signdlnich proteinech, nejcastéji v jejich
konformaci. Diky témto zméndm se aktivuje konkrétni funkce proteinu. Nap¥. se akti-
vuje schopnost fosforylovat jiné proteiny. Rovnéz se tyto zmény mohou promitnout ve
spektru proteinti, které je signdlni protein schopen vazat a vytvaret s nimi komplex.

V nésledujicich podsekcich jsou rozepsany nejcastéjsi mechanizmy, které se vyuzi-

vaji k navozeni zmén v proteinech signédlnich drah. Jsou to fosforylace/defosforylace,
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Obrazek 2: Cyklus signalizace pfes G-protein. Pfevzato z (Khazifov a Lattazi, 2009).
Receptor interaguje s G-proteinem, slozenym z podjednotek «, 5 a 7. V neaktivnim
stavu jsou vSechny tfi podjednotky v komplexu a podjednotka o vaze molekulu GDP.
Zména konformace receptoru po detekovani signédlu vyvold zménu konformace v G-
proteinu. G-protein uvolni GDP, navédZe GTP a rozpadne se na dvé ¢asti, podjednotku
a-GTP a 3-v. Obé ¢asti difunduji od receptoru a aktivuji dalsi slozky v signdlni draze.
GTP samovolné hydrolyzuje na GDP a G-protein se opét deaktivuje spojenim vsech tif

podjednotek.

signal — M

..'.%.. ko F";.:-ionl.y ‘l L |
4b=-d|f= === ==

- B G

f

A

< | |
|

inaktivni katalyticka aktivni katalyticka
domeéna doména

@ (®)

Obrazek 3: Pfevzato z (Alberts et al., 2008). (a) Receptory spojené s iontovymi kanaly.

(b) Receptory spojené s enzymovou (kindzovou) aktivitou.
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Obrézek 4: Princip signalni drahy. (a) Vnéjsi signal je pfes povrchovy receptor pfenesen
do cytoplazmy, kde se pomoci signalnich proteint propaguje a distribuuje k efektoro-
vym proteintim. Vystupem signélni drahy je specifickd bunééna odpovéd napt. zména
metabolismu, genové exprese nebo tvaru buriky. (b) Signél z prostfedi napf. ristovy
faktor ¢i hormon je detekovédn nejcastéji povrchovym receptorem. Uvnitt butiky je ze-
silen a pfeménén na jiné chemické formy. Drahu mohou regulovat pozitivni i negativni

zpétné reakce.

vazba GTP/GDP, vazba jinych signalnich proteinti, vazba na sekundarni pfenasece sig-

nélu (cAMP, Ca?*, diacylglycerol) a ubikvitinace.

1.3.1 Fosforylace a defosforylace proteint

BéZnym zptisobem pienosu informace je fosforylace a defosforylace proteinti signdlni
drahy. Fosforylaci zprostfedkovavaji enzymy kindzy, které pienaseji fostatovou sku-
pinu z ATP na aminokyselinu v proteinu. Nejcastéji fosforylované aminokyseliny jsou
serin, threonin a tyrosin (Hanks a Hunter, 1995). Kindzy 1ze rozdélit do dvou skupin
podle aminokyseliny, kterou modifikuji na serin/threonin kinazy a tyrosin kindzy. An-
tagonisté kinaz jsou fosfatazy, které fostdtovou skupinu z proteinu odstraruji.
Fosforylace a defosforylace probihaji v f¥ddu milisekund a umoZziuji tak rychlé akti-
vovani a utlumeni signdlni drahy. Fosforylace nejcast€ji aktivuje funkce proteinu, jak je
to uvedeno na obrazku 5a, napf. méni neaktivni kindzy na aktivni. Nicméné mtiZe na

funkci proteinu ptisobit i inhibi¢né. Fosforylace se ¢asto vyskytuje i na nékolika riznych
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Obrazek 5: Prevzato z (Alberts et al., 2008). Signdlni proteiny funguji jako moleku-
larni pfepinace mezi aktivnim a neaktivnim stavem (ON/OFF) pomoci (a) pfipo-
jeni/odstranéni fosfatové skupiny (b) nebo pomoci vazby a hydrolyzy GTP. Hydrolyza
GTP a navazani GTP na G protein probiha samovolné€, ale mtiZe byt urychleno pomoci
proteintit GEF a GAP.

mistech daného proteinu, pfi¢emz jedna fosforylace mtize byt aktiva¢ni a jind inhibi¢ni.

BéZné se v signdlnich drahach vyskystuji celé kaskady fosforylacnich reakci, kdy je
prvni kindza aktivovana fosforylaci a nasledné fosforyluje druhou kindzu v kaskade,
ktera fosforyluje tfeti kindzu atd. Velmi znadma je napf. MAPK fosforyla¢ni kaskada
(Kyriakis, 2014).

1.3.2 G proteiny v signdlnich drahach

G proteiny pfepinaji mezi aktivni a neaktivni konformaci pomoci vazby GTP/GDP (ob-
razek 5b). Proteiny GEF (guanine nucleotide-exchange factor) podporuji uvolnéni GDP
z proteinu (Erzsébet et al., 2012). K vazbé GTP dochédzi samovolné, protoZe je v cyto-
plazmé v nadbytku. Rychlost hydrolyzy GTP na GDP ovliviiuji proteiny GAP (GTPase-
accelerating protein).

V sekci 1.2 jsme si piedstavili velké G proteiny sloZené ze tfi podjednotek, které in-
teraguji s bunéénymi receptory a disociuji na dvé ¢asti. Kromé toho existuje i druha
skupina G proteinti. Jsou to malé proteiny tvofené jen jednou podjednotkou, ktera je
podobna podjednotce a velkych G proteinti. Do této skupiny G proteinti patfi protei-

nova rodina Ras, ktera aktivuje MAPK signalni kaskadu.

1.3.3 Sekunddrni pfenasece a amplifikace signdlu

Koncentrace receptortt v membrané je nedostatecna ke spusténi bunécné odpovédi.
Proto musi byt signal zesilen. K tomu signdlni drahy ¢asto vyuZivaji malych nitrobu-
nécnych medidtort tzv. sekundarnich posla. Jsou vytvoreny ve velkém mnoZzstvi po
aktivaci receptoru, difunduji od mista svého vzniku a $ifi signal dal do cytoplazmy.

Mezi sekundarni posly patii cyklicky AMP, Ca**. Sekundarni posel diacylgycerol je
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Obréazek 6: Prevzato z (Ciechanover, 2005). Proteazom je vélcovity molekularni kom-

plex, ktery rozeznava polyubikvitinované proteiny a $tépi je na kratké peptidy.

rozpustny v tucich a difunduje v membran€. Sekundarni poslové aktivuji nékteré en-
zymy, napi. proteinové kinazy. K zesileni signalu napomahaji i fosforyla¢ni kaskady.
Ditisledkem amplifikace signalu je, Ze uz i nizka koncentrace ligandu spusti vyznam-
nou odpovéd uvnitt buriky, ¢imZ se zvySuje schopnost buriky reagovat na malé zmény

prostfedi.

1.3.4 Ubikvitinace

Ubikvitinace je stejné jako fosforylace dynamické, reverzibilni modifikace proteinu (Chen
a Sun, 2009). Béhem této modifikace je na cilovy protein pfipojen ubikvitin, kratky pro-
tein obsahujici asi 70 aminokyselin. Ubikvitin obsahuje 7 aminokyselin, na které se mo-
hou pfipojit dalsi molekuly ubikvitinu tak, Ze vytvareji rizné propojené fetézce. Rtizné
typy polyubikvitinace maji rtizny vyznam, protoze jsou specificky rozezndvany jinymi
proteiny. Nejzndméjsi je polyubiktivinace lysinu 48, kterd oznacuje protein k degradaci
v proteazomu (obrazek 6).

Fosforylace stejné jako ubikvitinace umoZiuji vzdjemné interakce proteinti. Modi-
tikace proteinu slouZi jako znacka, kterou specificky rozezndvaji a vazi jiné proteiny,
¢imz dojde k vytvofeni proteinovych komplexi, které déle $ifi stimul po signalni draze.
Fosforylaci tyrosinu typicky rozeznava doména SH2 a ubikvitinaci rozeznava doména
UIM (obrazek 7). Proteiny casto obsahuji vice domén rozeznavajicich rtizné znacky,

¢imz se zvySuje kombinatoricky prostor pro vznik komplexd.

1.3.5 Proteinové komplexy v signdlnich drahach

Interakce proteinti signalnich drah ¢asto umoziiuji prostfednici, ktefi udrzuji signalni
proteiny ve vzajemné blizkosti a ve sprdvné orientaci (obrazek 8). Vysledkem je pfesné
a efektivni fizeni sméru toku informace v siti signalnich drah.

Pro tyto proteiny existuje nékolik terminti, které se béZzné zaménuji a pouzivaji sy-
nonymné. Jsou to proteinové adaptory, leSeni, kotvy a doky (ang. scaffold, adaptor, anchor,

docking proteins) (Buday a Tompla, 2010). Jako adaptory se obvykle oznacuji malé pro-
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Obrazek 7: Srovnédni fosforylace a ubikvitinace. Pfevzato z (Woelk et al., 2007). Ubikvi-
tinaci katalyzujf ubikvitin ligdzy E1, E2 a E3. Odstranéni ubikvitinu katalyzuji enzymy
oznacované jako DUB. Fosfatovou skupinu rozeznavaji interagujici proteiny pomoci
své SH2 domény, zatimco ubikvitin rozeznavaji proteiny obsahujici doménu UIM. Obég

modifikace tak slouZi jako lepidlo, které spojuje proteinové komplexy.

Adapt
aptor Docking p C)
: J—

(R

Scaffold/anchor

Obrézek 8: Prosttednici ve tvorbé proteinovych komplexii jsou adaptor, scaffold/anchor,
docking proteiny. Sipky oznauji vzajemné interakce a modifikace. Pfevzato z (Buday a
Tompla, 2010)

teiny, které spojuji dohromady dva interakéni partnery napf. proteinkindzu a jeji sub-
strat. Proteinové leSenti (¢i proteinova kotva) je vétsi neZ adaptor a je schopné vazat vice
nez dva proteiny signdlni dréhy. Proteinové doky rovnéZ interaguji s vice neZ dvéma
partnery, ale navic jsou ukotvené v cytoplazmatické membrané.

Vyznamnou skupinou adaptorti jsou adaptory sloZzené z SH2/SH3 domén. Jsou to
napf. proteiny Grb2, Shc a Crk (Buday, 1999). Protein Grb2 obsahuje jednu doménu
SH2, kterd rozeznava fosforylovany tyrosin na aktivovanych proteinkindzovych recep-
torech rastovych faktort (pf. EGFR, FGFR) ¢i na proteinovych docich (Gabl, FRS2).
Grb2 dale obsahuje dvé domény SH3, které interaguji s motivem bohatym na prolin v

proteinu Sos. Sos je protein GEF ativujici Ras.
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Obrazek 9: Priklad chovani buriky v zavislosti na kombinaci vstupnich signald. Pte-
vzato z (Alberts et al., 2008). Burika mtize odpovédét ristem a délenim nebo diferenciact
v jiny typ buriky. Nepfichazi-li k burice zadné signaly k pfeZiti dojde k programované

bunééné smrti (apoptoze).

1.4 Bunécna odpovéd

Typicky jsou buriky mnohobunééného organizmu v dany moment vystaveny stovkdm
rozdilnych signélt z prostfedi, které na né mohou ptisobit stimula¢né ¢i inhibi¢né. Pro
danou kombinaci a koncentraci vstupnich signald ptisobicich na konkrétni buriku je
vystupem specificka buné¢na odpovéd (obrazek 9). Bunééna odpovéd zavisi na spek-
tru receptort, které jsou u butiky vytvofeny. Buriky riznych tkéni se lisi v zastoupeni
receptorti a nasledné i ve schopnosti reagovat na vnéjsi podnéty.

Buriky se stejnym receptorem mohou odpovédét jinym zptisobem z toho dtvodu,
Ze u nich probéhne rozdilné zpracovani signalu. Vstupni signdl sim o sobé nese velmi
maélo informace o tom, jakou vyvol4 buné¢nou odpovéd.

Pomérné rychld bunécna odpovéd (v fddu sekund az minut) nastdva, v ptipadé,
Ze kone¢nym efektorem signdlni drahy je enzym metabolismu nebo protein bunécné
kostry (cytoskeletu) (Alberts et al., 2008). Takto ptisobici signdlni drdhy pouze meéni
funkci jiz existujicich proteint v burice. Pomalejsi odpovéd (v fadu minut az hodin) na-
stdva u signalnich drah, které méni genovou expresi. Signal se pienese na transkripéni

faktor, ktery prostupuje do jadra buriky, kde méni genovou expresi.



2 Literatura
Alberts B., Johnson A., Lewis J., Raff M., Roberts K., Walter P. 2008. Molecular Biology
of the Cell. Garland Science. 5th edition, chapter 15.

Berg J. M., Tymoczko ]J., Stryer L. 2002. Biochemistry. W H Freeman. 5th edition,
chapter 15.

Buday L. 1999. Membrane-targeting of signalling molecules by SH2/SH3 domain con-
taining adaptor proteins. BBA. 1422(2): 187-204.

Buday L., Tompla P. 2010. Functional classification of scaffold proteins and related
molecules. FEBSJ. 277: 4348-4355.

Chen Z.]., Sun L. J. 2009. Nonproteolytic Functions of Ubiquitin in Cell Signaling. Mol
Cell. 33(3): 275-86.

Ciechanover A. 2005. Proteolysis: from the lysosome to ubiquitin and the proteasome.
Nat Rev Mol Cell Biol. 6: 79-87.

Erzsébet L., Welti S., Scheffzek K. 2012. Inhibition and Termination of Physiological
Responses by GTPase Activating Proteins. Physiol Rev. 92(1): 237-272.

Hanks S. K., Hunter T. 1995. In the Beginning, There Was Protein Phosphorylation.
JBC. 9(8): 576-596.

Khazifov K., Lattazi G. 2009. G protein inactive and active forms investigated by
simulation methods. Proteins. 75(4): 919-930.

Kyriakis J. M. 2014. In the Beginning, There Was Protein Phosphorylation. JBC. 289(14):
9460-9462.

Reece J., Campbell N. 2002. Biology. Benjamin Cummings. 5th edition.

Robinson D. R., Wu Y., Lin S. 2000. The protein tyrosine kinase family of the human
genome. Oncogene. 19(49): 5548-5557.

Woelk T., Sigismund S., Penengo L., Polo S. 2007. The ubiquitination code: a signalling
problem. Cell Division. 2(11): doi:10.1186/1747-1028-2-11.

Yarden Y., Ullrich A. 1988. Growth factor receptor tyrosine kinases. Annu Rev Bio-
chem. 57: 443-478.



	Introduction
	FGF2 signalling pathway
	 Biological background of FGF2 signalling pathway
	 Behaviour of FGF2 signalling

	Methods
	 Boolean models
	 Boolean models definition
	 Boolean models example
	 Boolean models semantics

	 Linear temporal logic
	 GINSim
	 NuSMV
	 Implementation of DFS algorithm
	 Experimental data

	Results
	 Analysed properties
	 Models
	 Model M1
	 M1 behaviour

	 Model M2
	 M2 behaviour

	 Model M3
	 M3 behaviour

	 Model M4
	 Model M5
	 Summary of analysis

	Discussion
	Conclusion
	Attached files
	Signalling pathways

