Biochemical Reaction Thermodynamics
1. Chemical Reaction Thermodynamics
Consider a chemical reaction:
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, where 
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 is the stoichiometric coefficient of chemical species 
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 is negative for reactants and positive for product, in terms of the “forward” direction of reversible reaction.  In this example, values of 
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At constant pressure and temperature, the change in Gibbs energy during reaction is:
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Where 
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 is the reaction Gibbs energy.  Standard molar reaction Gibbs energy can be calculated by:
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If 
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For any given chemical species 
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 in a reaction, 
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.  Where 
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 is the reaction quotient: 
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With any arbitrary chemical species concentrations, we can calculate the free energy of the system from standard reaction free energy and concentrations.
When the system is in chemical equilibrium, i.e. 
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Let 
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 be the equilibrium constant based on solute concentrations, and
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For very dilute solution, the solution behaves as ideal solution and 
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Example 1.1
Hydrolysis of ATP

In the range of pH 9 ~ 11, adenosine triphosphate (ATP) is hydrolysis into adenosine diphosphate (ADP) and  inorganic phosphate as following chemical equation, and their standard formation Gibbs energies are given at 298.15 K.
	
	ATP4-
	+
	H2O
	((
	ADP3-
	+
	HPO42-
	+
	H+


	ΔG˚f
(kJ / mol)
	-2573.49
	
	-237.19
	
	-1711.53
	
	-1096.10
	
	0


What are the standard reaction Gibbs energy, and equilibrium constant of above reaction?

ΔG˚r
= (-1)(-2573.49) + (-1)(-237.19) + (1)(-1711.53) + (1)(-1096.10) + (1)(0)

= 3.05 kJ / mol

Keq
= exp(-ΔG˚r / RT)


= exp( (3.05 kJ / mol) / (8.3145 J / mol - K) (298.15 K) )

= 0.29
2. Biochemical / Enzymatic Reactions

Enzymes act as catalysts in enzymatic reactions.  Exist of enzymes just enable reactions to occur much faster at low temperatures by provide an alternative reaction pathway of lower activation energy, which is required to start a reaction.  However, same as all catalysts, exist of enzymes cannot make thermodynamic unfavorable reactions possible, they have no effect on the chemical equilibrium of a reaction because both rate of forward and the reverse reactions are equally affected.
Chemical equations are written in terms of specific ionic and elemental species and balance elements and charge.  E.g., the hydrolysis of ATP to ADP:
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And the equilibrium of above reaction is 
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, which is independent of pH.

Note that all equilibrium constants are DIMENSIONLESS.  Be strictly specking, the above equilibrium constant is calculated by:
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where 
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 is the standard concentration, which is 1M.

It is also the same for Gibbs energy or chemical potential calculation:


[image: image51.wmf]o

o

c

c

RT

i

i

i

ln

+

=

m

m

.

Not only the equilibrium constant (
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) is dimensionless, activity (
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) and activity coefficient (
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However, many biochemical reactants are weak acids, and so hydrogen ions may be produced or consumed in enzyme-catalyzed reactions.  Biochemists find it useful to take a more global view of the reactions in living organisms and to deal with the sums of species at a specified pH.  For example, in the neighborhood of pH 7, the sum 
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 is referred to as the inorganic phosphate concentration 
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.  When pH is chosen as an independent variable along with T and P, the equilibrium composition depends on the pH that is specified.
For above case, the chemical equation should balance atoms and charge, but a biochemical equation does not balance 
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 if the pH is specified, and therefore does not balance charge.  The biochemical equation is as:
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And the equilibrium constant becomes 
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 is the apparent equilibrium constant, and it is a function of pH.
Both chemical equations written in terms of species and biochemical equations written in terms of sums of species are required.  Where chemical equations are required to discuss details of chemical reactions, such as the changes taking place at an enzymatic site.  Biochemical equations are required to discuss whether a reaction goes to the right or the left at a specified pH.

The apparent standard reaction Gibbs energy is 
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, which is a function of pH too.  This note introduces how to calculate the apparent reaction Gibbs energy and apparent equilibrium constants of biochemical reaction.
To calculate apparent reaction Gibbs energy, we need to consider what factors will affect a biochemical reaction:

(a) Biochemical reactions take place under constant temperature / pressure environment, therefore both T and P are constants;

(b) Biochemical reactions take place in aqueous solution, the activity, 
[image: image62.wmf]a

, of a species equals to its concentration for neutral species.  However, many biochemical reactants / products are weak acids and bear charges and their activities are affect by the ionic strength of the solution.  Therefore, we need to consider the effect of the ionic strength on their activities;

(c) Biochemical reactions take place under specific pH, and pH does not vary as reaction occurs.  However, concentrations of species of a biochemical reactant / product is affected by pH, e.g. 
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.  Therefore, we need to consider the effect of pH on reaction Gibbs energy;

(d) Although biochemical reaction take place under constant temperature, the in vivo temperature may be different from the standard condition and we need to consider how to estimate the reaction Gibbs energy for different temperatures.
3. Effect of Ionic Strength on Gibbs Energy

Debye-Hückel Law:

For neutral species, 
[image: image65.wmf]1

®

i

g

.  But it is not true for ionic species.
When solute is at VERY LOW concentration (around 1 x 10-3 M), 
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 is the charge of that species and 
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 (M) is the ionic strength of the solution.
When solute is at LOW concentration (around 0.1 M), 
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.  This is known as extended Debye-Hückel law.
Ionic strength 
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Where
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 is the net charge (signed) of the ion 
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Example 3.1
Calculation of Ionic Strength

Calculate the ionic strength of a 0.02 M solution of Fe2(SO4)3.
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The 0.02 M Fe2(SO4)3 yields 0.04 M Fe3+ and 0.06 M SO42-.

I
= 0.5 x [ (0.04) (+3)2 + (0.06) (-2)2 ]


= 0.30 M

The formation Gibbs energy of species 
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 at given concentration 
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 ionic strength 
[image: image81.wmf]I

 is:
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The standard formation Gibbs energy at 
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 is:

[image: image88.wmf](

)

I

G

formation

i

o

,

D



[image: image89.wmf](

)

i

formation

i

RT

I

G

g

ln

0

,

+

=

D

=

o




[image: image90.wmf](

)

i

formation

i

RT

I

G

g

log

303

.

2

0

,

+

=

D

=

o




[image: image91.wmf](

)

÷

÷

ø

ö

ç

ç

è

æ

+

×

-

+

=

D

=

5

.

0

5

.

0

2

,

1

303

.

2

0

BI

I

z

A

RT

I

G

i

formation

i

o




[image: image92.wmf](

)

(

)

5

.

0

5

.

0

2

,

1

303

.

2

0

BI

I

z

RTA

I

G

i

formation

i

+

×

-

=

D

=

o


And 
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We can use above equation to calculate the standard formation Gibbs energy of a species with standard formation Gibbs energy at 
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(3.1)
Note:
The unit of dimension of 
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The standard reaction Gibbs energy is:
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Note:
Most of in vivo biochemical reactions take place at 
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Example 3.2
Hydrolysis of ATP Again

In Example 1.1, the standard reaction Gibbs energy and the equilibrium constant of ATP hydrolysis was calculated without considering the ionic strength.  If the ionic strength of the solution is 0.25 M, what are the new standard reaction Gibbs energy and the new equilibrium constant?
We can calculate the standard formation Gibbs energy for species at I = 0.25 M by using Equation 3.1:
	
	ΔG˚f (I = 0 M)
	zi
	ΔG˚f (I = 0.25 M)

	ATP4-
	-2573.49
	-4
	-2586.44

	H2O
	-237.19
	0
	-237.19

	ADP3-
	-1711.53
	-3
	-1718.82

	HPO42-
	-1096.10
	-2
	-1099.34

	H+
	0
	+1
	-0.81


ΔG˚r
= (-1)(-2586.44) + (-1)(-237.19) + (1)(-1718.82) + (1)(-1099.34) + (1)(-0.81)


= 4.67 kJ / mol

Keq
= exp(-ΔG˚r / RT)


= exp( (4.67 kJ / mol) / (8.3145 J / mol - K) (298.15 K) )


= 0.15
4. Isomer Group Thermodynamics
To due with complex reaction systems, it is helpful if we can reduce the complexity.  One of these ways is to aggregate isomers and make thermodynamics calculations with isomer groups, rather than species.  This treatment was initially developed to handle thermodynamics calculations of isomers.  For biochemical reactions, an isomer means a species, e.g. 
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, an isomer group means the sum of species, e.g. 
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.  Here, we continue to use the name isomer and isomer group as other literature.
It is assumed that all species within an isomer group are always in equilibrium.  The distribution of isomers within this isomer group only depends on the temperature, not depends on the other compositions of the reaction system, and of the other reactions that occur.  When isomers are in equilibrium, they have the same chemical potential.

The Gibbs energy of a group of isomer at chemical equilibrium is 
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.  At chemical equilibrium, all of the isomers have the SAME chemical potential 
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For ideal solution, the chemical potential for an isomer group and an isomer are:
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Where 
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Rearrange above equations, we have
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Substitute 
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Substitute Equation 4.4 into the above equation, we have
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Since 
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Finally, we have 
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It is similar to estimate the standard Gibbs energy of formation of an isomer group:
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The equilibrium mole fraction 
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 of isomer 
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 in the isomer group is:
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Since 
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Example 3.2
The Standard Gibbs Energy of an Isomer Group at Equilibrium
The standard Gibbs energies of formation of the gaseous pentanes at 298.15K are as follows: n-pentane, -8.33 kJ / mol; isopentane, -13.27 kJ / mol; and neopentane, -17.37 kJ / mol.  Calculate the standard Gibbs energy of formation of the isomer group at chemical equilibrium.  What are the equilibrium mole fraction of the isomers at this temperature?
ΔG˚r,iso
= -RT ln[ exp(8.33/RT) + exp(13.27/RT) + exp(17.37/RT) ]


= -17.86 kJ / mol.

The equilibrium mole fractions are given by

rn
= exp[ (-17.86 - -8.33) / RT ] = 0.021

riso
= exp[ (-17.86 - -13.27) / RT ] = 0.157

rneo
= exp[ (-17.86 - -17.37) / RT ] = 0.821

5. Effect of pH on Gibbs Energy

When pH is specified, species of biochemical reactants / products become pseudoisomers and their relative concentrations are a function of temperature only.

For an pseudoisomer group at a specified pH, T, P and amount of species, the thermodynamic potential is minimized.  We need to introduce the chemical potential of the hydrogen ion 
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A new thermodynamic potential, the transformed Gibbs energy 
[image: image138.wmf]G

¢

 is introduced, which has 
[image: image139.wmf](

)

+

H

m

 as natural variable.  
[image: image140.wmf]G

¢

 is obtained by subtracting the term 
[image: image141.wmf](

)

(

)

+

H

H

n

c

m

 from the Gibbs energy 
[image: image142.wmf]G

:


[image: image143.wmf](

)

(

)

+

-

=

¢

H

H

n

G

G

c

m

, and


[image: image144.wmf](

)

å

=

i

i

H

i

c

N

n

H

n

,

.

Where 
[image: image145.wmf](

)

H

n

c

 is the amount of hydrogen atoms in the system; this is the amount of the hydrogen component.  
[image: image146.wmf](

)

H

n

c

 is necessary since it is an independent variable; but the amount of hydrogen ion 
[image: image147.wmf](

)

+

H

n

 is not since it has to satisfy various chemical equilibrium relations.  
[image: image148.wmf]c

n

 stands for amount of a component.  
[image: image149.wmf]i

H

N

,

 is the number of hydrogen atoms in species 
[image: image150.wmf]i

, and


[image: image151.wmf]G

¢



[image: image152.wmf](

)

å

å

+

-

=

i

i

H

i

i

i

i

H

N

n

n

m

m

,




[image: image153.wmf](

)

[

]

å

+

-

=

i

i

H

i

i

H

N

n

m

m

,




[image: image154.wmf]å

¢

=

i

i

i

n

m

.

Where 
[image: image155.wmf]i

m

¢

 is transformed chemical potential of species 
[image: image156.wmf]i

, and 
[image: image157.wmf](

)

+

-

=

¢

H

N

i

i

H

i

i

m

m

m

,

.

For ideal solution, the standard formation Gibbs energy of solute species 
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(5.1)
Since 
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For real solution, the effect of ionic strength should be considered and the transformed standard formation Gibbs energy of species 
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 within pseudoisomer group 
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 at a specified pH and ionic strength is:
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Note:
The unit of dimension of 
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 in Equation 5.3 is kJ / mol.

Then add the transformed standard formation Gibbs energies of all species of that biochemical reactant together (by applying Equation 4.5), we can get the transformed formation Gibbs energy of that biochemical reactant:
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6. Effect of Ionic Strength on pH Value

Glass electrode is used to measure pH value in experiment.  Such pH measurement refers to the activity of hydrogen ion:
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Where 
[image: image178.wmf]a

pH

 refers to activity and 
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It is convenient to define pH as 
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 during calculation.  In this note, when it is not specified, pH stands for 
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Extended Debye-Hükel law for H+:
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And Equation 6.1 becomes
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Equation 6.2 could be used to calculate the pH that is based on hydrogen ion concentration that is used in thermodynamic calculation.
7. Calculate the Transformed Thermodynamic Properties for ATP Hydrolysis

What are the standard reaction Gibbs energy and equilibrium constant of ATP hydrolysis at 298.15K, I = 0M and 0.25M and pH = 5 ~7?
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Thermodynamic data:
	
	ΔG˚ (kJ / mol)
	ΔH˚ (kJ / mol)
	z
	NH

	ATP
	-2768.1
	-3619.21
	-4
	12

	
	-2811.48
	-3612.91
	-3
	13

	
	-2838.18
	-3627.91
	-2
	14

	ADP
	-1906.13
	-2626.54
	-3
	12

	
	-1947.1
	-2620.94
	-2
	13

	
	-1971.98
	-2638.54
	-1
	14

	Pi
	-1096.1
	-1299
	-2
	1

	
	-1137.3
	-1302.6
	-1
	2

	H2O
	-237.19
	-285.83
	0
	2


First, we need to calculate the standard transformed formation Gibbs energies of ALL species within ALL pseudoisomer group at a specified pH by using Equation 5.3:


[image: image186.wmf](

)

(

)

(

)

5

.

0

5

.

0

,

2

,

,

,

1

91482

.

2

10

ln

,

BI

I

N

z

RT

N

G

I

pH

G

ij

H

ij

pH

ij

H

formation

ij

formation

ij

+

-

-

-

D

=

¢

D

-

o

o


Let’s use ATP at I = 0.25M, pH = 5 as an example:
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Then use Equation 5.4 to find the standard transformed formation energy of ATP group at pH = 5 and I = 0.25M:
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Repeat above procedures for ATP, Pi and H2O.  At 298.15K, pH = 5, and I = 0.25M, the standard transformed formation Gibbs energies are:
	
	ΔG’˚ (kJ / mol)

	ATP
	-2437.46

	ADP
	-1569.05

	Pi
	-1079.41

	H2O
	-178.49


ΔG’˚r
= (1)(-1569.05) + (1)(-1079.41) + (-1)(-2437.46) + (-1)(-178.49)

= -32.56 kJ / mol
Keq
= 5.06 x 105
Repeat above procedures at different pH:
	pH
	I = 0M
	I = 0.25M

	
	ΔG’˚r
	Keq
	ΔG’˚r
	Keq

	5
	-36.26
	2.25 x 106
	-32.64
	5.23 x 105

	6
	-35.97
	2.00 x 106
	-32.66
	5.28 x 105

	7
	-37.16
	3.23 x 106
	-34.61
	1.16 x 106

	8
	-41.16
	1.62 x 107
	-39.39
	7.96 x 106

	9
	-46.62
	1.47 x 107
	-44.99
	7.62 x 107


In Example 1.1 and Example 3.2, ΔG˚r = 3.05 kJ / mol, Keq = 0.29 when I = 0 M; and ΔG˚r = 4.67 kJ / mol, Keq = 0.15 when I = 0.25 M.  Those values are different from the calculation with considering the pH effect on the thermodynamic properties in this example, where ΔG˚r = -37.6 kJ / mol, Keq = 3.23 x 106 when I = 0 M; and ΔG˚r = -34.61 kJ / mol, Keq = 1.16 x 106 when I = 0.25 M, both at pH = 7.  This is due to those tabulated standard formation Gibbs energies of species are at standard conditions: T = 298.15 K, I = 0 M, and [H+] = 1.0 M, i.e., pH = 0!  In this example, the pH term in Equation 5.3 (
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Figure 7.1
Standard Transformed Reaction Gibbs Energy of ATP Hydrolysis
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Figure 7.2
Equilibrium Constant of ATP Hydrolysis
8. Effect of Temperature on Gibbs Energy

Biochemical reactions take place over narrow ranges of temperature and following assumptions are used in calculation:
(a) The standard enthalpies of formation, 
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, are independent of temperature;

(b) The standard entropies of formation, 
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, are also independent of temperature.

In a simple word, assumptions (a) and (b) can be simplified as: it is assumed that the heat capacities, 
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The standard formation Gibbs energy of species 
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 in pseudoisomer group 
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 at temperature 
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(8.1)
The equation is similar for temperature 
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However, based on above assumptions, we can write down following relationships:
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Rearrange equation 8.1 we have:
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Substitute above equation into equation 8.2 we have:
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(8.3)
Equation 8.3 provides us the way to estimate the standard formation Gibbs energies at any arbitrary temperature within a narrow range of temperature.
Recall Equation 5.3, the transformed standard formation Gibbs energy:
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Where 
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 (or 
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) is a temperature dependent constant in extended Debye-Hükel law: 
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 had been fitted to a power series of 
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 for temperature not too far from 298.15K: 
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The effect of temperature on the ionic strength term can be calculated by substitute Equation 8.4 into Equation 5.3:
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where
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Note:
The unit of dimension of the resulting 
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Once we calculate standard formation Gibbs energy of every species, 
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 by using Equation 8.3, we can use Equation 8.5 to calculate the transformed standard formation Gibbs energies of all species, 
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, according to the specified pH and ionic strength.  Finally, we can calculate the transformed standard Gibbs energy of this pseudoisomer group by using Equation 5.4.
9. Calculation of Reaction Gibbs Energy

What are the standard reaction Gibbs energy and equilibrium constant of ATP hydrolysis at 25˚C, 30˚C and 35˚C?  The reaction takes place in I = 0.25M and pH = 7.
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First, we need to calculate the standard transformed formation Gibbs energies for ALL species among ALL pseudoisomer groups at given temperatures by using Equation 8.3:
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	ΔG˚ (kJ / mol)
	T = 298.15 K
	T = 303.15 K
	T = 308.15 K

	ATP
	-2768.1
	-2753.83
	-2739.55

	
	-2811.48
	-2798.04
	-2784.60

	
	-2838.18
	-2824.94
	-2811.69

	ADP
	-1906.13
	-1894.05
	-1881.97

	
	-1947.1
	-1935.80
	-1924.50

	
	-1971.98
	-1960.80
	-1949.62

	Pi
	-1096.1
	-1092.70
	-1089.29

	
	-1137.3
	-1134.53
	-1131.76

	H2O
	-237.19
	-236.37
	-235.56


Then we need to calculated the effect of pH and ionic strength on the standard transformed formation Gibbs energies at that given temperature by using Equation 8.5:
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Where 
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At T = 298.15 K, g = 2.9149 kJ / mol;

At T = 303.15 K, g = 2.9894 kJ / mol;

At T = 308.15 K, g = 3.0656 kJ / mol.
At pH = 7 and I = 0.25M, the standard transformed formation Gibbs energies are:

	ΔG˚ (kJ / mol)
	T = 298.15 K
	T = 303.15 K
	T = 308.15 K

	ATP
	-2291.86
	-2269.63
	-2247.40

	
	-2288.81
	-2266.58
	-2244.34

	
	-2270.69
	-2247.86
	-2225.03

	ADP
	-1424.23
	-1404.04
	-1383.86

	
	-1420.38
	-1400.18
	-1379.98

	
	-1402.07
	-1381.24
	-1360.40

	Pi
	-1058.57
	-1054.56
	-1050.55

	
	-1056.58
	-1052.44
	-1048.31

	H2O
	-155.66
	-153.46
	-151.26


Apply Equation 5.4 to calculate the standard transformed formation Gibbs energies of pseudoisomer groups:
	ΔG˚ (kJ / mol)
	T = 298.15 K
	T = 303.15 K
	T = 308.15 K

	ATP
	-2293.92
	-2271.69
	-2249.46

	ADP
	-1424.70
	-1404.54
	-1384.37

	Pi
	-1059.49
	-1055.47
	-1051.45

	H2O
	-155.66
	-153.46
	-151.26


The standard transformed reaction Gibbs energies and equilibrium constants at different temperatures are:

	T (K)
	ΔG˚r (kJ / mol)
	Keq

	298.15
	-34.61
	7.37 x 105

	303.15
	-34.85
	8.08 x 105

	308.15
	-35.09
	8.87 x 105
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Figure 9.1
Standard Transformed Reaction Gibbs Energy of ATP Hydrolysis at Various Temperatures
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Figure 9.2
Equilibrium Constant of ATP Hydrolysis at Various Temperatures
10. Enzymatic Reaction Kinetics

Consider a reversible single-substrate (S) single-product (P) enzymatic reaction with an intermediate enzyme-substrate complex (X):
	
	k1
	
	k2
	
	

	S + E
	((
	X
	((
	P + E
	(10.R1)

	
	k-1
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At t = 0,
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Quasi-Steady State Assumption:

To develop kinetic for catalytic reactions, quasi-steady-state assumption
 (QSSA) is used to reduce the complexity of the reaction system.  QSSA is also applied in multiple-steps complicate enzyme catalysed biochemical reaction.  The famous result is the Michaelis-Menton (MM) kinetics.

QSSA:
The rate of formation and disappearance of reactive intermediate species as equal, i.e. the concentration of that reactive intermediate species doesn’t change with time.

Apply QSSA and Equations 10.2 and 10.3 become:
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Substitute Equation 10.5 into 10.7 and rearrange it, then we have:
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Equation 10.4 is the “observed” reaction velocity and substitute Equation 10.9 into 10.4, we have
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At equilibrium, 
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Note:
Another way to derive Equation 10.11 without applying QSSA is:

At equilibrium 
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Divide Equation 10.10 by 
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Let 
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(In literature, 
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Haldane Relationship:

We can further evaluate Equation Equation 10.11 as:
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(10.13)
Equation 10.13 is known as Haldane Relationship.

Substitute Equation 10.13 into 10.12 we have
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11. Example: Glycolysis

Teusink, et al (2000) had measured the kinetics of enzymes for Yeast Glycolysis and metabolite concentrations.  The scheme of model is as follow:
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Figure 11.1
Scheme of Yeast Glycolysis Model

Those kinetics parameters and equilibrium constants are determined by experiments.  Keq values are also estimated based on reported thermodynamic data
.

The reported equilibrium constants are:
	Source
	Teusink
	Calculation

	T (K)
	Not mentioned
	298.15

	I (mM)
	Various
	According to

the description

of experiment

	pH
	7
	7

	Enzyme
	Keq
	Keq

	HK
	3,800
	20,551

	PGI
	0.314
	0.275

	PFK
	8,000
	7,961

	ALD
	0.069
	0.145

	TPI
	0.045
	0.046

	GAPDH
	0.0056
	0.3526

	PGK
	3,200
	26.78

	PGM
	0.19
	0.093

	ENO
	6.7
	3.885

	PYK
	6,500
	133,410

	PDC
	N/A
	1.7113 x 1030

	ADH (F)
	6.9 x 10-5
	9,359

	ADH (R)
	14,500
	

	AK
	0.45
	0.392


Table 11.1
Experimental and Calculated Keq
Note:
Teusink, et al reported the Keq value for ADH is in term of reverse direction, i.e. ethanol and NAD+ as reactant and acetaldehyde and NADH as product.  Also, Keq of PFK and PDC are not applied in the mathematical model since Teusink, et al had formulated the their kinetics as irreversible.  Keq should be dimensionless.  However, the experimental determined Keq value for ALD is in mM, since 
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Using the kinetic information from Teusink, et al, a mathematical model has been constructed and solved by GEPASI, a metabolic simulation software package.  The metabolite concentrations and fluxes are:

	Keq Values

Based on
	Experiment

(Teusink, et al)
	Teusink, et al
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	Metabolite Conc. (mM)

	GLCout
	100
	50
	50

	GLCin
	
	0.09
	0.35

	G6P
	2.45
	1.17
	1.09

	F6P
	0.62
	0.14
	0.14

	F16bP
	5.51
	0.64
	64664.41

	F26bP
	
	0.02
	0.02

	DHAP
	0.81
	0.76
	345.18

	GAP
	0.15
	0.03
	15.71

	BPG
	
	4.38 x 10-4
	8.08

	P3G
	0.9
	0.40
	0.30

	P2G
	0.12
	0.05
	0.02

	PEP
	0.07
	0.09
	0.02

	PYR
	1.85
	9.13
	4.48

	AcAld
	0.17
	0.26
	0.44

	EtOH
	
	50
	50

	ATP
	2.52
	2.72
	0.89

	ADP
	1.32
	1.16
	1.79

	AMP
	0.25
	0.22
	1.41

	NAD
	1.2
	1.56
	1.57

	NADH
	0.39
	0.03
	0.02


	Keq Values

Based on
	Experiment

(Teusink, et al)
	Teusink, et al
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	Fluxes (mM / min)

	Glucose
	108
	88.7
	74.2

	Ethanol
	135
	135.4
	84.8

	Glycerol
	18.2
	14.5
	14.5

	Glycogen
	6
	6
	6

	Trehalose
	2.4
	2.4
	2.4

	Succinate
	2.9
	2.9
	2.9

	Pyrruvate
	2.2
	
	

	Acetate
	0.5
	
	


Table 11.2
Experimental and Simulation Results; Glycogen, Trehalose and Succinate Formation Fluxes are Fixed Constant in the Model
Most of Keq from calculated 
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 are successful applied to the model, except for ADH.  In Table 11.2, several metabolite concentrations are far higher than normal range once Keq from 
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 is applied.
Let us consider a single reversible reaction: if the product of that particular reaction has a given value, i.e. as a fixed parameter, and the Keq shifts to more reactant favour (i.e. Keq value less than before), then the system will ask for higher substrate concentration in order to keep the reaction proceeds in forward direction.

Such increase in substrate concentration could be consider as a mild change in chemical reaction.  However, for in vivo condition, such small change could be a catastrophe.  Since normal in vivo metabolite concentration is in between 0.001 and 10 mM.  For trace amount metabolites, e.g. BPG, the concentration can be as low as 1 x 10-4 mM.

Just consider DHAP concentration in this example: DHAP concentration increased from 0.64 mM to 345.18 mM when the Keq are replaced.  The new condition could be considered as mild from the view point of chemistry.  However, cells operate in a narrow range of conditions, includes metabolite concentrations, such high concentration could be impossible. 
The Keq values used in the model to replace the experimental values are calculated from 
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, which is calculated based on reported thermodynamic data of biochemical species.  But some calculated Keq values in Table 11.1 are quite different form experimental values reported by Teusink, et al.  We need to ask a question: Why are there such big difference in between those values?
Those tabulated standard biochemical thermodynamic data are found by “back” calculation from experimental results, which are apparent equilibrium constants.
  Such experimental data were obtained at certain pH, ionic strength and temperature.  Therefore, the Keq values from 
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 are another experimental data.  The Keq values reported in literature are varies from one experiment to another experiment.   E.g., PGI (G6P (( F6P):

	Source
	Keq
	ΔG’˚ (kJ / mol)
	Remarks

	Wurster, et al (1970)
	0.28
	3.209
	T = 298.15 K,

pH = 6.4

	Tewari, et al (1987)
	0.285 ± 0.004
	3.164 ± 0.035
	T = 298.15 K

	Teusink, et al (2000)
	0.314
	2.92
	pH = 7

I ≈ 0.13 M

	Calculation based on 
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	0.275
	3.2
	T = 298.15 K,

pH = 7

I ≈ 0.13 M


Such difference in experimental Keq values may due to:

(1) Different reaction conditions, e.g. ionic strength, temperature, pH, etc.
(2) Enzyme may change (either in conformation or in average molecular energy) when reaction take place.
Thermodynamic treatment for reactions only considers the reactant(s) and product(s) involved.  For kinetics study, it is assumed that enzymes are pure catalysts that they do not change, in terms of no chemical reaction occurs on the enzyme molecule, no conformation change, and the average molecular energy does not change when reaction take place.
In reality, enzyme-to-substrate ratio, enzyme preparation, solution preparation, etc. affect the experiment results and we need to carefully review those effects.
� � EMBED Equation.3  ��� is the activity of chemical species � EMBED Equation.3  ���.  For ideal solution, � EMBED Equation.3  ���.  For real solution, � EMBED Equation.3  ���, where � EMBED Equation.3  ��� is the activity coefficient of � EMBED Equation.3  ��� and � EMBED Equation.3  ��� is the standard concentration.


� QSSA also called as quasi-steady-state approximation.


� B. Teusink, et. al, Can yeast glycolysis be understood in terms of in vitro kinetics of the constituent enzymes? Testing biochemistry, Eur. J. Biochem., 267, 5313-5329 (2000)


� R. A. Alberty, Thermodynamics of Biochemical Reactions, John Wiley & Sons, 2003.


� Alberty (2003)
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