CHAPTER 2: METHODOLOGY

The dynamics of various peculiar FFL was investigated using deterministic model.
Simulation studies were done using CellDesigner version 4.2 (Funahashi et al., 2008;
Kitano et al., 2005). FFL datasets from E. coli were downloaded from RegulonDB database
version 7.4 (Gama-Castro et al., 2011; Collado-Vides et al., 2011) to empirically determine
the frequency of peculiar FFL. Details of these procedures are described in the following

subsections.

2.1 Mathematical model for dynamics simulation

Consider the regulation of gene Y by transcription factor X. The rate of change of
concentration of gene Y product, protein Y over unit time (t) is a function of the

concentration of active form of X, X’; it is given by

dy .
=00 (2.1)

where f(X") is taken to be the Hill function, which is monotone and S-shaped. It is
increasing when the transcription factor acts as an activator, and decreasing when it acts as

a repressor. The Hill input function for an activator is given by

~__ B
f(X)_1+K*”/x”’ (2.2)
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where £ is the maximal expression level of the promoter, K is the activation threshold, and
n is a constant for controlling the steepness of the curve; larger n leads to input functions
that are more step-like. For regulation by repression, the Hill input function for a repressor

IS given by:

~_ P
f(X)_1+x*“/K”’ (2.3)

where K in this context is the repression threshold.

The step function or indicator function is another useful input function for studying
the dynamics of transcription networks. Consider the indicator function for activation (X

activates Y):
F(X7)=A(X"> Ku). (2.4)

This can be obtained as the limiting case of equation (2.2) as n approaches infinity.

Similarly, the indicator function for repression (X represses Y),

F(X) =B (X" <Ky) (2.5)

is obtained by taking the limit of equation (2.3) as n tends to infinity. In the case of FFL
with AND gate, gene Z is regulated by both X™ and Y while in FFL with OR gate,
regulation of gene Z is dependent on either X~ or Y. With the characteristics of Boolean

input gate, the step function for activation of gene Z in FFL with AND gate is given by
f(X7Y) = BI(X > Ka) I (Y > Kya). (2.6)
The step function for activation of gene Z in FFL with OR gate is given by
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F(X7Y7) =Bmax{I(X" > K,,), Iy > Ka)}. (2.7)

In FFL with AND gate, gene Z is switched off when either X" or Y" falls below activation

threshold. The step function for repression of gene Z in FFL with AND gate is given by
fX7Y) =BI(X <K ) (Y <Ka)}. (2.8)

In FFL with OR gate, gene Z is switched off when both X" and Y* fall below activation

threshold. The step function for repression of gene Z in FFL with OR gate is given by
f(X5,Y)=A(X <Ka)l (Y <Ky) (2.9)

The advantage of using the indicator function instead of the Hill function is that it greatly
simplifies the qualitative understanding, the solution and analysis of the dynamic equation
of FFL. For example, consider the activation of gene Y by transcription factor X. When the
concentration of X" is below Ky, gene Y is switched off to zero expression level and no
transcription of gene Y occurs. When the concentration of X is above Ky, gene Y is
switched on to maximal expression level and initiates the transcription of gene Y. The link
between equations (2.2) with (2.4) and (2.3) with (2.5) can be exploited by setting n to be

large (n = 30) when performing simulation using CellDesigner (see Section 2.2).

In practice, protein is synthesised and degraded, so a realistic model must
incorporate both processes. Consider a simple regulation of gene Y by transcription factor X.
The product of gene Y is subject to degradation by enzymes and is also subject to dilution
due to the expansion of the cellular environment. Thus, the degradation/dilution rate of the
product is proportional to its concentration aY, where « is the degradation/dilution rate. The

complete differential equation for describing the dynamics of Y protein is given by

20



dy
=B —aY 2.10
dt B—a ( )

This is a first-order linear differential equation that can be easily solved using basic

calculus (Foerster, 2005). Its solution is given by

Y =ﬁ+(vo —ﬁjem, 2.11)
a

a

where Y, in this context is the initial concentration of gene Y product. f/a is the
concentration of gene Y product at steady-state. Using equation (2.8), the rate of change of
Y for FFL with both AND and OR gate depends only on X, and is given by

((jj_::ﬂYI(X*> ny)—OlyY. (212)

For the rate of change of Z with AND gate, we have

Z—f:ﬁzl(x*> ny)l(Y*> Kyz)—azz. (213)

For the rate of change of Z with OR gate, we have

C:j_f = /Bz maX{l (X* > sz), | (Y* > Kyz)}—azz. (214)

To provide a more realistic simulation of the whole FFL dynamics in a real
transcription network, the dynamics of mRNA needs to be considered as well. Similar to
the dynamics of protein, mRNA is also produced at maximal expression level when the
transcription is switched on, and is also subject to degradation and dilution. The rate of
change of mMRNA concentration of gene Y, Yn, is given by

dYm
dt

= ﬂm — amYm. (215)
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The production of protein Y requires the existence of its MRNA, Y. Thus, the change of
protein Y is dependent on the concentration of Y, The rate of change of protein Y

depending on Yy, is given by

Y Ne—ay, (2.16)
dt

where zis a scaling factor for the amount of protein amount produced per unit Yy, and Yy,

can be easily found using equation (2.11).

2.2 Simulating the dynamics of FFL

The dynamics of FFL of interests were simulated in silico using a systems biology
software called CellDesigner (version 4.2; Funahashi et al., 2008; Kitano et al., 2005). It
uses SBML (Systems Biology Markup Language; Hucka et al. 2003) as the format to
represent biological network. The most attractive feature of this software is the ease in
which biological networks can be constructed graphically in an intuitive way and the
incorporation of simulation tools to solve the dynamics equations with different parameter

settings.

Figure 2.1 shows the properties overview of this software. The main toolbar at the
top panel provides access to main functions such as exporting the file in various formats
and importing models from different sources of databases. Below the main toolbar, the
nodes of a network can be given an explicit context, such as generic proteins, genes, ion

channels, etc. The edge connecting two nodes can be given a direction and assigned an
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interaction such as transition, translation, inhibition and catalysis (Figure 2.2). The user can
change the initial conditions of the network such as the starting concentration of various

protein and MRNA molecules.

;"‘ CellDesigner ‘Z”E‘E‘

File Edt Component Wiew Database Layout Simulation  Plugin Window SBW Preference  Help

EPERS s cEBREE E EfANTRESR YIS CERRE  DEEOBE(L »vwo  omaoossococcoe@
e U s o o SO Al S S Y B S Sl o R0 fo Ro N = [ = N I R E NSRS S U L LR R NI ]

5 Model  CL-FFL_AND_ON_RHA, i |

£ < -~
{0 Species

{2 Reactions
ZGene |2
MAND Logic
122
Z Transeription W O Z Protein
red

re
0 re? 4

re2 (,

I Layer re1 re@ @
1@ BMNDJOR Logic X Protein
- # bass

red
red re2
Y Transciption W {1 Y Protein
[+] res
129
re10
¥ L

red ) @

b
[ Grid Snap ON
Species | Proteins | Genes | RNAs | asRNAs | Reactions | Compartments | Parameters | Functions | UnitDefinitions | Rules | Events | SpeciesTypes | CompartmentTypes | Initial...  «| » NOTE|M[R1AM
Edit Edit Notes | [ Edi Protein Nokes

class id  name speciesType | compar.. positio..  included quantit...  inkialQuantity su.. haso.. beo | oc.

SIMPLE_... [s13 |2 Transcription defaulfinside Amount (0.0 false  [false [fake -

IGENE stz [2Gene defaulfnside Amount (0.0 false  [false [fake N

PROTEIN [s2 X Protein defaulfnside Amount (0.0 tue  ffalse [fake

[SIMPLE .., [s1 Tnducer defadt inside Amount 0.0 False False  [False =
||DEGRADED s27 |saz_degraded defaul[nside Amount (0.0 false  [false |False

DEGRADED [s25 |sal5_degraded defaulfnside Amount (0.0 false  [false [fake

SIMPLE_... [s19 |V Transciption defaulfnside Amount (0.0 false  [false [fake 3

Figure 2.1: Properties overview of CellDesigner version 4.2.
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Figure 2.2: A simple biological network constructed with two molecules and two transition
directions.
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For each of the directed edge, a kinetics equation may be inserted with a set of
parameters. The square located on an interaction edge allows the specification of the
relevant dynamics equation. For example, the directed edge from inducer to X protein
simple regulation network is simply inserted with a dynamic equation with “beta” equals to
5 (Figure 2.2). The other regulatory directions in a larger network may be inserted with
different Kkinetics equation according to given mathematical models and implement the
simulation to obtain the network dynamics. In this study, the dynamics of mRNA was also
considered to construct the whole FFL network. It is advantageous because incorporation of
MRNA into the FFL network is able to simulate the biological network in a more realistic

way than standard analyses which often omit the dynamics of mMRNA.
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Figure 2.3: Kinetics for a network of simple regulation, beta with a parameter value of 5.
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Six transcription network models belong to peculiar FFL types. The first group
consisted of coherent FFL: C2-FFL, C3-FFL and C4-FFL with AND and OR gate. The
second group consisted of incoherent FFL: 12-FFL, I3-FFL, and 14-FFL with only AND
gate. The dynamics of incoherent FFL with OR gate was not simulated in this study
because of degenerating patterns in production of protein Z. In incoherent FFL, the indirect
path has the opposite overall sign against the direct path. In the case of I12-FFL and 13-FFL,
activation or repression of protein Z production through either direct or indirect path
permanently results in no production of protein Z. In the case of 14-FFL, activation or
repression of protein Z production through either direct or indirect path permanently results

in concentration of protein Z at steady-state.

Figure 2.4 shows an example of FFL transcription network model (C2-FFL)
constructed using CellDesigner (version 4.2). The dynamics of these peculiar FFL
transcription network models were simulated using appropriate mathematical equations in
Section 2.1. Briefly, the model in Figure 2.4 is a CellDesigner representation of the
following model: X protein is activated by its inducer and it represses (line with a bar at the
end) the transcription of Y and Z genes. Following transcription, Y and Z mRNAs are
translated into Y and Z proteins. The Y protein also acts as a transcription factor to activate
the transcription of Z gene (line with a circle at the end). All mRNAs and proteins are

subject to degradation and dilution (pink circle with a slash).
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Figure 2.4: C2-FFL transcription network model constructed with CellDesigner version 4.2.

In order to systematically compare the simulation results, all parameters were
standardised with a set of default values. The values of maximal promoter activity (f),
activation/repression coefficient (K), index for steepness of the Hill function (n),
degradation/dilution rate («) and amount of protein produced per unit mRNA (z) were set
to 5, 3, 30, 1 and 5, respectively. In certain simulations such as those involving the X
protein in FFL at the OFF step, a starting concentration was given to the molecules to
observe the pattern of production decrease. Once the values for all parameters had been set

and the starting concentrations were initialised, the simulation process was begun.

Figure 2.5 shows the results of simulating the dynamics of C2-FFL in CellDesigner
version 4.2. The simulation time was set to end at 100 units of time. Number of points to

construct dynamics curve was set to 5000 points to obtain a smoother curve. Other setting
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such as error tolerance and the equation solver remained default for these simulations. After
the settings were adjusted, the simulation was run and the raw data of dynamics simulation
for 5000 points was obtained as shown in the right panel. These raw data were then used to
produce the results plots using R version 2.14.1 (R Development Core Team, 2011). The
dynamics results of peculiar FFL obtained in silico using deterministic mathematical model

were applied to study the naturally-existing peculiar FFL transcription network using E.

coli as model organism.

F ControlPanel C2-FFL_AND_mRNA_ON.xml

File Simulation
BEPa
= Experiment Time span Error tolerance  — Solver : Graph | Tahle |
- el End... m ® s0siib species ‘ fluxes | parameters | comparkments
= Exp. O copas time [ names 513 512 s2 sl 527 525 5
N”m"" () SBMLsim 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0A
3 0.02 -0.1000000.., 0.0 0.09900663. .. [0, 1000000... [9.93367474.., [0.02842954... |-0. —
Species |Parameters Change amount || Para. .. _I_’J 0.04 -0.2000000... 0.0 0.19605280... |-0,2000000,,, |0.00394718.., |0.05687761.., [-0,
0.06 -0.3000000.., 0.0 0.29117733... |-0,3000000,,, |0.00882266.., |0.08534180.., [-0,
1d Mame Compartm. .. Quant\rl 0.08 -0.4000000... 0.0 0.358441827... |-0,4000000,,, |0.01558172.., |0,11381999,,, |-0,
513 [z Transcription [default rnoont || 0.1 05 0.0 0.4758129Z... |-0.5 0.02418707... |0.14231037... [-0.
B2 E Gene efault Benount || 10,12 0.6 0.0 0.56539783... |-0.6 0.03460216... [0.17081133... |-0,
= Protein efault Bmount | 0,14 -0.7000000... 0.0 0.65320884... |-0.7000000... |0.04679115... |0.19932150... [-0.
e Tnducer efault Benourt || 1o 16 0.8 0.0 0.73928108... |-0.8 0.06071891... [0.22753966... |-0,
b7 ka?_degraded Wefault Benourt || 112 0.9 0.0 0.82364899... |-0.8999999. .. |0.07635100... |0.25636477... [-0.
ko5 kal5_degra... default Benoont || (0.2 1.0 0.0 0.90634631... |-1.0 0.09365368. . |0.28489590... -1,
k1o Transciption Pefault Benourt || 10,22 -1.0999999... (0.0 0.98740613... |-1.1 0.11259386... [0.31343228... |-1.
kig RNA efault Benourt || 10,24 1.1999999... [0.0 1.06686087... |-1.2 0.13313912... [0.34197321... -1,
514 B mRNa efault Benourt || 10,26 1.2999999... [0.0 1.14474229... |-1.2999999, .. [0.15525770... [0.37051816... |-1.
ko2 Gene efault Benourt || 10,28 -1.3999999... (0.0 1.22108156... |-1.4 0.17891843... [0.39906655. . |-1,
517 Prokein efault Benount || (0.2 -1.4393999... (0.0 1.29590919... |-1.4999999, .. [0.20409080... [0.42761800... -1,
k29 kalo_degra... efault Benourt || 10,32 1.5999999,.. (0.0 1.36025511.., |-1,5999999, ., 0.23074488. ., [0.45617209.., |-1,
k28 kaz0_degra... Wefault Benourt || 10,34 -1.6099999,., (0.0 1.44114868.., |-1,6999999,,, [0.25885131.., [0.48472846.., |-1,
k26 kalo_degra... default Benourt || 10,36 -1.7999999,.. (0.0 1.51161865.., |-1,7999999,,, [0.26838134.., [0.51328682.., -1,
= E Protein default Benourt || 10,38 -1.5999999,.. 0.0 1.58069322... |-1,5999999,., [0.31930677.., [0.54184687.., |-1,
0.4 -1.9999909, ., 0.0 1.64840002,,, |-1,9999999,,, [0,35159997,,, [0.57040842... |-1.
0,42 -2.0999999,,, 0.0 1,71476614,,, |-2,0999999,,, 0,38523385, .. (0.59397124.,, |-2,
0,44 -2.1999999,,, 0.0 1,77981813,,, |-2,1999999,,, 0.420158186... [0.62753518... |-2.
0,46 -2.2999999,,, 0.0 1,84358200,,, |-2,2999999,,, [0.45641799,., [0.65610009,.. |-2.
0,48 -2,3999997.,,, |0.0 1,90603328,,, |-2,3999999,,, [0.49391671... [0.68466583... |-2.
0.5 -2.4999992,,, 0.0 1,96734605,,, |-2,4999999,,, [0.53265304, ., (0.71323228... |-2.
0,52 -2.5999982,., |0.0 2.02739753.., |-2,5999999,,, |0,57260246.., |0.74179935,,, |-2,
0,54 -2.6999957.., 0.0 2.08625901... |-2,6999999,,, |0.61374098.., |0.77036097.., [-2,
0,56 -2.7999926.., 0.0 2,14395494,,, |-2,7999999,,, |0.65604503.., |0.79593494,,, |-2,
0,58 -2.5999347... 0.0 2.20050544... |-2,6999999,,, |0.69949155.,., |0.82750316.., [-2,
0.6 -2.9999700.., |0.0 2.29594209,,, |-2,9999999,,, |0,74405790.., |0.85607140.,, |-2,
0.62 -3.0999400.., [0.0 2.31027507... |-3,0999999,,, |0,76972192,., |0.00463921.., [-3, a3
— 5 innoonn  lnn S mestacis | o amnnnon Inosiazios  mmissncer |5 0
< > < | >
[ Initialize ] [ Save As ] | Execute | [ Close ] [] show scatter plot

Figure 2.5: Screenshot of simulation outcome in CellDesigner version 4.2.
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2.3 Extraction of Escherichia coli transcription network dataset from RegulonDB

Transcription network datasets were downloaded from RegulonDB version 7.4
(Gama-Castro et al., 2011; Salgado et al., 2012). RegulonDB is a database which contains
regulatory network, gene and operon information for E. coli K12 (Huerta et al., 2011;
Salgado et al., 2012). This database provides useful transcription network information, such
as the gene involved and their interactions with transcription factor. In particular, “TF-
operon interactions” under the category of Regulatory Network Interactions was selected so

that the dataset of transcription networks could be downloaded.
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Figure 2.6: Screenshot of downloadable datasets for TF-operon interactions.

After downloading the data, all the interactions were carefully examined to identify
the regulatory network interactions belonging to peculiar FFL types. For example, while
scanning through the list of “TF-operon interactions”, malXY operon is positively regulated
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by CRP (Figure 2.7) and negatively regulated by Mall (Figure 2.8). Together with

a

negative regulation of mall gene by CRP (Figure 2.9), the network involving CRP, Mall

and malXY operon was identified to be a type of C4-FFL. With the combination of both

interactions, it can be verified that CRP, the product of mall gene and the product of malXY

operon map to the X, Y and Z proteins in C4-FFL, respectively. The information of genes

involved in peculiar FFL such as malXY operon was also obtained from this database

(Figure 2.10).

CRP malEFG[malE, malF, nmalG] + [AIBSCS, BPP, HIBSCS, S5H]
+ SH)
CRP malllmall] = [AIBSCS, BPP, GEL, SHM]
CRP malK-lamwB-malM[ lamB, malK, mall] + [AIBSCS, BPP, HIBSCS, SHM)
CRP mal3[mals] + [AIBSCS]
Figure 2.7: Negative regulation of mall gene by CRP.
LysR lysiA[lysai) + [GEA]
LysR lysR[1lysR] - [GEA]
Mall wall[wall] - [BCE, GEA, SH]
| Hall nalXY[walX, malY] - [BCE, GEA, SHM]|
MalT  walEFG[walE, malF, malG) - [ATBSCS, BPP, HIBSCS, SHM)
Figure 2.8: Negative regulation of malXY operon by Mall.
CRP mals[mals) + [AIBSCS)
CRP walT [malT) + [BPP, GEX, HIBSCS]
[CrP WalXY(malx, malv) + [AIBSCS, BCE, BPP, GEA, SH] |
CRP WanXYZ(wank, want, manzj ¥ [AIBSCS, BCE, GEL, HIBSCS)
CRP marRAB[marlk, marB, marR] + [ATIBSCS, GEA, INP]

Figure 2.9: Positive regulation of malXY operon by CRP.
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polar effect on maly caused by an insertion in malX, but it is not clear whether mafY is the last gene in this operon.
In addition, the 5' portion of the mal¥ gene contains stretches of sequences that would allow the formation of two stable stem-and-loop
structures. The possible significance of these structures is unknown.

Evidence(s): [BTEI] Boundaries of transcription experimentally identified
[PM] Polar mutation

Reference(s): 1] Otsuka 1., et al., 1996
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Figure 2.10: Information of malXY operon.

Using the available FFL datasets downloaded from RegulonDB version 7.4 and
results of simulation of the dynamics of these FFL, the necessity of retaining peculiar FFL

for the cellular processes in E. coli was investigated.

30





