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Enzyme reactions as open non-equilibrium systems
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thermodynamic system
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Maximum entropy production principle (MEPP)

An open non-equilibrium thermodynamic system tend spontaneusly towards 

non-equlibrium steady state (NESS) characterised by maximal entropy production.

Enzymes are intrinsically flexible molecules

Flexible nature of enzyme structure has been recognized, established and accepted

as a fundamental property with mayor consequences to their function (kinetics). 

most uniform distribution of 

microscopic states of the system

maximal Shannon 

information entropy

Among all possible NESS the steady state of MEP is selected because it is statistically most probable.



Enzymes under consideration

Glucose Isomerase (GI)

Production of high fructose corn syrup 

in continuos stirred tank reactors.

b – Lactamase

Bacterial resistance to b – lactam 

antibiotics.

Triosephosphate isomerase

Glycolysis
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Mathematical modelling 
(Model for GI)

Constraints

1. Mass conservation of a reaction system

𝐾∗ =
𝑘1
+∗𝑘2

+

𝑘1
−𝑘2

−∗ = 𝑐𝑜𝑛𝑠𝑡.

2. Fixed equilibrium constant of a reaction

𝑣 =
𝐸 tot 𝑘1

+∗𝑘2
+ 𝑆 SS − 𝑘1

−𝑘2
−∗ 𝑃 SS

𝑘1
+∗ 𝑆 SS + 𝑘1

− + 𝑘2
+ + 𝑘2

−∗ 𝑃 SS

𝑋 = 𝑅𝑇𝑙𝑛 𝐾∗
𝑆 SS

𝑃 SS

𝜎 =
ν𝑋

𝑇

Density of entropy production Shannon information entropy

𝐻 = −෍

𝑖=1

2

𝑝i 𝑙𝑛 𝑝i

𝑝1 =
𝐸 SS

𝐸 tot

𝑝2 =
𝐸𝑆 SS

𝐸 tot



𝑑 𝑃

𝑑𝑡
= 𝑣2 − 𝑣out,P

Kinetic flexibility

𝐟𝐥𝐞𝐱𝐢𝐛𝐢𝐥𝐭𝐲 = ሻ𝑻𝒓(𝑱

Local stability analysis

𝑑 𝑆

𝑑𝑡
= 𝑣in,S − 𝑣1 − 𝑣out,S

𝑑 𝐸

𝑑𝑡
= −𝑣1 + 𝑣2

𝑑 𝐸𝑆

𝑑𝑡
= 𝑣1 − 𝑣2

𝑣1 = 𝑘1
+∗ 𝑆 𝐸 − 𝑘1

− 𝐸𝑆

𝑣2 = 𝑘2
+ 𝐸𝑆 − 𝑘2

−∗ 𝑃 𝐸

ሶ𝒙 = 𝒇(𝒙ሻ

𝒙 = (𝑥1, 𝑥2ሻ

𝒇 𝒙 = (𝑓1 𝑥1 , 𝑓2 𝑥2 ሻ

𝐉 =

𝛿𝑓1
𝛿𝑥1

𝛿𝑓1
𝛿𝑥2

𝛿𝑓2
𝛿𝑥1

𝛿𝑓1
𝛿𝑥2

Close to steady state



Analysis, results and discussion

Existance of MEP

𝑋 = const.
𝑣 =

𝐸 tot 𝑘1
+∗𝑘2

+ 𝑆 SS − 𝑘1
−𝑘2

−∗ 𝑃 SS

𝑘1
+∗ 𝑆 SS + 𝑘1

− + 𝑘2
+ + 𝑘2

−∗ 𝑃 SS
𝐾∗ =

𝑘1
+∗𝑘2

+

𝑘1
−𝑘2

−∗ = 𝑐𝑜𝑛𝑠𝑡.

𝑣 = 𝑣max

ki optimal

𝑘+ = 𝑘1
+∗𝑘2

+ 𝑘− = 𝑘1
−𝑘2

−∗

Necessary optimization constraint for the existance 

of well-defined maximum in entropy production 

⟹ 𝜎 = 𝜎max



Analysis, results and discussion

Co-existance of MEP, MaxEnt and maximal flexibilty

𝑣(𝑘2
+, 𝑘1

−ሻ =
𝐸 tot 𝑘

+[𝑆]𝑆𝑆−𝑘
−[𝑃]𝑆𝑆

𝑘2
+ +

𝑘+[𝑆]𝑆𝑆
𝑘2
+ + 𝑘1

− +
𝑘−[𝑃]𝑆𝑆

𝑘1
−

𝐻(𝑘2
+, 𝑘1

−ሻ = −
𝑘1
− + 𝑘2

+

𝑘2
+ +

𝑘+

𝑘2
+ 𝑆 SS + 𝑘1

− +
𝑘−

𝑘1
− 𝑃 SS

𝑙𝑛
𝑘1
− + 𝑘2

+

𝑘2
+ +

𝑘+

𝑘2
+ 𝑆 SS + 𝑘1

− +
𝑘−

𝑘1
− 𝑃 SS

−

𝑘+

𝑘2
+ 𝑆 SS +

𝑘−

𝑘1
− 𝑃 SS

𝑘2
+ +

𝑘+

𝑘2
+ 𝑆 SS + 𝑘1

− +
𝑘−

𝑘1
− 𝑃 SS

𝑙𝑛

𝑘+

𝑘2
+ 𝑆 SS +

𝑘−

𝑘1
− 𝑃 SS

𝑘2
+ +

𝑘+

𝑘2
+ 𝑆 SS + 𝑘1

− +
𝑘−

𝑘1
− 𝑃 SS

Tr 𝐉 (𝑘2
+, 𝑘1

−ሻ = −
𝑘+

𝑘2
+ 𝑆 SS + 𝑘2

+ +
𝑘−

𝑘1
− 𝑃 SS + 𝑘1

−



rate constant predicted value 

(MEPP)

measured value

(Coverti and Del Borghi, 1998)

𝑘1
+∗ [μM−1s−1] 3.810-8 6.310-8

𝑘1
− [s−1] 3.610-2 2.110-2

𝑘2
+ [s−1] 4.710-2 2.910-2

𝑘2
−∗ [μM−1s−1] 4.710-8 8.210-8



Results for b-lactamase enzymes
(work in progress)

b-Lactamase 𝑘1
+∗[(μMsሻ−1] 𝑘2

+[s−1] 𝑘3
+[s−1]

b-Lactamase I MEPP 47 4.8·103 2.7·103

MaxEnt 47 4.1·103 3.2·103

𝐓𝐫(𝐽ሻ 37 3.8·103 4.3·103

Exp.
(Christensen et 

al. 1991)

41±3 (4.1±0.2)·103 (3.6±0.2)·103

PC1 

b-Lactamase

MEPP 24 1.9·102 81

MaxEnt 24 1.5·102 97

𝐓𝐫(𝐽ሻ 16 1.3·102 171

Exp.
(Christensen et 

al. 1991)

22±2 (1.7±0.1) ·102 96±10

RTEM 

b-Lactamase

MEPP 2.1·102 4.7·103 0.52·103

MaxEnt 2.1·102 4.2·103 0.59·103

𝐓𝐫(𝐽ሻ 0.91·102 2.1·103 2.8·103

Exp.
(Christensen et 

al. 1991)

(1.2±0.1)·102 (2.8±0.3)·103 (1.5±0.2)·103



Results for TPI enzyme
(work in progress)

rate 

constant

𝑘1
+ [μM−1s−1] 𝑘2

+ [s−1] 𝑘3
+ [s−1] 𝑘4

+ [s−1] 𝑘1
− [s−1] 𝑘2

− [s−1] 𝑘3
− [s−1]𝑘4

− [μM−1s−1]

Exp. 
(Pettersson

1992)

10 2.0·103 6.0·104 0.40·104 7.0·103 6.0·103 9.0·104 0.40·103

MEPP 3 1.9·103 2.6·104 3.2·104 6.0·103 3.0·103 2.7·104 3.0·103

MaxEnt 2 2.5·103 3.2·104 3.0·104 9.2·103 2.4·103 2.2·103 3.1·103

In steady state with: 𝑆 = 3987 μM and 𝐸 𝑇𝑂𝑇 = 4 μM

Please see poster for more details. 
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Conclusions

1. We demonstrated the co-existance of well defined maxima in the density

of entropy production, Shannon information entropy and kinetic flexibility

with respect to enzyme rate constants for different enzymes.

2. In enzyme kinetics, the MEPP principle serves for description of

statistically most probable steady states.

3. Flexible enzyme structure is closely connected with optimal thermodynamic

performance of an enzyme in steady state.
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