We will briefly mention about some basics about modelling before writing some equations. 

We can represent transcription and translation events using mathematical equations. These equations give us the concentrations of proteins and mRNAs changing over time. If we say our mRNA has an expression rate of 10 per second, we would then have 100 mRNAs after 10 seconds. As a mathematical equation we would just represent it as
The change of mRNA/per unit time=10

More formally

d[mRNA]/d[Time]=10

This equation itself would be a very simple model. When we run this equation using a modelling tool to simulate for 10 seconds, we would get 100 at the end.
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This type of equations are called ordinary differential equations(ODEs). If you have one variable (mRNA) changing over another (time), the relation between these two can be represented using ODEs.
As we have production, we also have degradation for species such as proteins and mRNAs. Degradation can be modelled simply by using the degradation rates. Suppose that degradation rate is 0.1 per second per a species (e.g protein). It means we will lose 10%percent of our species very second. If we have 10 species in the beginning,  at the end of 1 second we will have 9.1, at the end of 2 seconds, we will have 9.1-0.91=8.19 and after 10 seconds we would have 3.68 species.
[image: image2.png]10




Summary

To model a system we would just write these simple ODEs to represent reactions such as production, degradation, phosphorylation happening in the cells for the system we want to model. Modelling tools allow us to integrate the result of ODEs over a given time to find the final amounts or concentrations for our species. 
Reactions will have substrates, modifiers and products.
Substrate + Modifier ( Product + Modifier.
In this irreversible reaction, substrate’s concentration will be decreasing while product’s concentration increases. Modifier (e.g. enzyme) will have an effect on the reaction but its concentration does not change. Reactions can also be reversible.

This reaction’s flux can be represented as Substrate * Modifier * ReactionRate. While writing the ODEs all fluxes for a species are added up. 

dSubstrate/dTime= - Substrate * Modifier * ReactionRate (This flux is negative for the Substrate)
dProduct/dTime= Substrate * Modifier * ReactionRate  (This flux is negative for the Product)
Construction of the model
To model your system we assumed the followings:
- Mercury forms a complex with a sensor protein 
- Sensor protein is a repressor and binds to a promoter sequence which controls the expression of Ag43 (Most metal sensors are repressors. However it is still very easy to change the equations if your sensor protein works as an activator).

- Sensor protein will fall of the promoter sequence when bound to Mercury hence it will allow the expression of Ag43
- Sensor protein is expressed constitutively

- Mercury concentration remains same in the cell. (However by modelling uptake and efflux systems you can also change its value dynamically.)
Reactions:
1)Sensor protein’s mRNA production (transcription)
It is expressed constitutively. So there is no activator or deactivator for the expression of this mRNA.  
( mRNA_Sensor 

Subsrate: None

Modifier: None

Product:mRNA_Sensor

Reaction flux for mRNA_Sensor =TranscriptionRate
2)Sensor protein’s mRNA degradation

mRNA_Sensor (
Substrate: mRNA_Sensor
Modifier: None

Product: None

Reaction flux for  mRNA_Sensor = - DegradationRate * mRNA_Sensor 
3) Sensor protein’s production (translation)
mRNA_Sensor ( mRNA_Sensor  + SensorProtein
Substrate: None
Modifier: mRNA_Sensor
Product: SensorProtein

Reaction flux for SensorProtein =TranslationRate *  mRNA_Sensor
4) Sensor protein’s degradation
SensorProtein ( 

Substrate: SensorProtein
Modifier: None

Product: None
Reaction flux for SensorProtein= -DegradationRate * SensorProtein
5)Ag43’s mRNA production(transcription)
SensorProtein( SensorProtein + mRNA_Ag43
Substrate: None

Modifier: SensorProtein

Product: mRNA_Ag43

Ag43 would only be expressed when the sensor protein is not bound to the promoter. Hence, reaction flux for mRNA_Ag43=Transcription_Rate * p (p is the probability that the sensor protein is not bound to the promoter. )
From Hill Equation’s this probability for a repressor is power(Km, n)/(power(Km,n)+power(SensorProtein, n)

You can do a Google search to learn more about Hill equations and its parameters such as Km and n.

So ;

Reaction flux for mRNA_Ag43=Transcription_Rate * power(Km, n)/(power(Km,n)+power(SensorProtein, n)

6) Ag43’s mRNA degradation
Reaction flux for mRNA_Ag43 = – DegradationRate * mRNA_Ag43
7) Ag43 Production (Translation)
Reaction flux for Ag43=TranslationRate *  mRNA_Ag43
8) Ag43 Degradation(Translation)

Reaction flux for Ag43= -DegradationRate * Ag43

9)Mercury + SensorProtein Complex production
This reaction is reversible and Mercury will be modifier in this reaction assuming that its concentration does not change in the cell. Otherwise it needs to be modelled as a substrate.
Mercury + SensorProtein (( Mercury_SensorProtein 
Flux: Mercury * SensorProtein * ForwardReactionRate - Mercury_SensorProtein * ReverseReactionRate
10) Mercury + SensorProtein Complex degradation

Reaction flux for Mercury_SensorProtein = - DegradationRate * Mercury_SensorProtein

ODEs
Now we can combine these fluxes to create ODEs. Once you have the ODEs you can use a modelling tool to integrate them over a period of time.
ODEs for our five species:

dmRNA_Sensor/dTime= TranscriptionRate - DegradationRate * mRNA_Sensor

dSensorProtein/dTime= TranslationRate *  mRNA_Sensor - DegradationRate * SensorProtein - Mercury * SensorProtein * ForwardReactionRate + Mercury_SensorProtein * ReverseReactionRate
dmRNA_Ag43/dTime= Transcription_Rate * power(Km, n)/(power(Km,n)+power(SensorProtein, n) - DegradationRate * mRNA_Ag43
dAg43/dTime= TranslationRate *  mRNA_Ag43 - DegradationRate * Ag43
dMercury + SensorProtein Complex/dTime= Mercury * SensorProtein * ForwardReactionRate - Mercury_SensorProtein * ReverseReactionRate - DegradationRate * Mercury_SensorProtein

Parameters:
We chose reasonable parameters below. But you should update them apart from degradation parameters which should roughly be correct. Once you finish your experimenters you can use the parameters from your lab experiment results.
mRNA_Degradation_Rate=0.0058;
Protein_Degradation_Rate=0.0012;
SensorProtein_Transcription_Rate= 0.1; (Update with your own data)
SensorProtein_Translation_Rate= 0.2; (Update with your own data)
Ag43_Transcription_Rate= 0.1; (Update with your own data)
Ag43_Translation_Rate= 0.2; (Update with your own data)
Km_SensorProtein_Ag43=300; (Hill equation parameter, Update with your own data)
n=2; (Hill equation parameter)
Mercury+SensorProtein Complex formation forward reaction rate=0.001;
Mercury+SensorProtein  reverse reaction rate=0.5;
Simulations:
In the ODEs, we used numbers but they can easily be converted into concentrations depending on your cell’s volume. We used Matlab to run the simulations. However there are more tools using CellML or SBML as the model exchange languages. You can write your ODEs using any tools that work with SBML or CellML as well. 

You can read more about CellML and SBML from these links:

http://www.cellml.org/getting-started/tutorials
http://sbml.org/More_Detailed_Summary_of_SBML
Simulations are done for 5000 seconds
Simulation 1:
Initial conditions:

Mercury:0

Ag43:0

mRNA_Ag=0;

Sensor Protein:3000

mRNA_SensorProtein=10

[image: image3.png][Jrgues Furet =lolx|

Fle Edt Vew Insert Toos Debug Deskiop Window Help |2 x
EEE RN A EE BOEs80
u u B[ plot Browser ER=I
¥ Axes (notitle)
S 2 mRASENsor
o mRNASensor ¥ — Sensorprotein
SensorProtein M — mRNAAg43
MRNAAGA3 VAt
2500 ———agi3 ¥ — Mercury+SensoryProtein
——— Mereury+SensoryProtein
2000
1500
. .
1000
500
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
. .





[image: image4.png][Jruresmouret =lolx|

Fle Edt Vew Insert Toos Debug Deskiop Window Help |2 x
NEdSr|[RRUDEL-[2|0Ec@ BOEs80
T T

E3

0

E3

pil

15

10

¥ foxes (no )

500

1000

1500 2000 2600 3000 3500 4000 4500 5000

12 mRHASensor
mRNASensor
SensorProtein P — mRuaagta
MRNAAGA3 VAt
—ags P — Mercury+SensoryProtein
——— Mercury+SensoryProtein





As it can be seen there is not much Ag43 expression. It is only around 30. . Sensor protein has been expressed already and Ag43 expression is repressed accordingly.
Simulation 2:

Initial conditions:

Mercury:1000
Ag43:0

mRNA_Ag=0;

Sensor Protein:3000

mRNA_SensorProtein=10
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Ag43 expression goes around 300. When Mercury level is increased to 1000, some of them will form a complex with the sensor protein and active number of sensor proteins repressing Ag43’s mRNA transcription will be decreasing. As a result Ag43 level reached to 300. Remember when we had no Mercury we had 30 Ag43 in the cell.
Simulation 3:

Initial conditions:

Mercury:10000
Ag43:0

mRNA_Ag=0;

Sensor Protein:3000

mRNA_SensorProtein=10
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Ag43 expression reaches to 2500. Mercury level is now much higher and it will have derepression effect and moreAg43 will be expressed. The number of Mercury + Sensor protein complex is also very high.

