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metabolic control analysis

Key definitions, questions and concepts

�

H.A.Kacser & J.A.Burns (1973)

Study of of the control of flux in networks of

enzyme-catalyzed reactions in living cells

Biological networks are not random structures but

evolved together with biological function and robustness

What limits the efficiency of metabolism?

Quantitative description of in vivo protein chemistry

“Thermodynamics” of a metabolic stationary state
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biochemical pathways adjacent to glycolysis
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rate determining step

What determines the efficiency of metabolism?

�

Metabolic chain:

����� ���
��� � ��	
��
�� ���
���� ���
����� ��� �

The rate limiting step of the metabolic chain must be a

non-equilibrium step

(disequilibrium ratio where is the actual mass

action ratio of the product concentrations with reactant

concentrations and is the equilibrium constant).

The rate limiting step is the enzyme with less capacity to

work faster i.e. having lowest limiting rate value.

Higher flux by adding metabolites after the rate limiting step.
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rate determining step

Non-equilibrium step.

Figure from Fell. . – p.5/26



rate determining step

Enzyme capacity.

Figure from Fell.
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metabolic control analysis

X �
� �� �

S � � � � Y

� �	

S 
 � � � X �

�

What determines the flux at reaction step ydh for a pathway

at a stationary state [S] � � ?

Flux control coefficient

is the activity (concentration) of xase

The flux control coefficient is a network property

Summation theorem for particular flux

summation is over all reactions in the cell.
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metabolic control analysis MCA

�

What determines the dependence of rate on substrate?

Elasticity coefficient

The elasticity is a property of a single enzyme.
For a Michaelis Menten enzyme

xase giving

Connectivity theorem for a particular flux and a particular

substrate

summation is over all enzymes.
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rate determining step

What determines the efficiency of metabolism?

�

Reversible metabolic chain:

� �� � �� �� � �� �� � �
� � � ���	 � ��
 � ���
�
 � � � �

At steady state allowing the short notation

If E is only affected by X and X the connectivity theorem gives

From this we have

and using we get

In case (product inhib.) and (substrate activ.) we have

if small (saturation) then large and controls flux.

if | | small (irreversible reaction) then large and controls flux.
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rate determining step

Irreversible metabolic chain:
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At steady state allowing the short notation

E is not affected by X such that The connectivity

theorem gives such that .

The summation theorem gives such that all control is

by .

. – p.10/26



rate determining step

Irreversible metabolic chain:

� � � � � �� � � � �	 � 
 � �� � � �

�
� � � � � � �
�

� � � �� �

�

At steady state �� � �

allowing the short notation

� �
� � �

�� ��

E is not affected by X such that The connectivity

theorem gives such that .

The summation theorem gives such that all control is

by .

. – p.10/26



rate determining step

Irreversible metabolic chain:

� � � � � �� � � � �	 � 
 � �� � � �

�
� � � � � � �
�

� � � �� �

�

At steady state �� � �

allowing the short notation

� �
� � �

�� ��

�

E� is not affected by X� such that �
�

� � �
The connectivity

theorem gives

� �
� � � �

� � �
� � �

such that

� �
� � � � �

.

The summation theorem gives such that all control is

by .

. – p.10/26



rate determining step

Irreversible metabolic chain:

� � � � � �� � � � �	 � 
 � �� � � �

�
� � � � � � �
�

� � � �� �

�

At steady state �� � �

allowing the short notation

� �
� � �

�� ��

�

E� is not affected by X� such that �
�

� � �
The connectivity

theorem gives

� �
� � � �

� � �
� � �

such that

� �
� � � � �

.

�

The summation theorem gives
� �� � �

such that all control is

by

� � .

. – p.10/26



rate determining step

Irreversible metabolic chain with negative feedback:

� � � � � �� � � � � 	 � 
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� � � � � � �
�
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E is not affected by X such that . For the

connectivity theorem gives such that .

is an inhibitor of giving

The connectivity theorem gives and the

summation theorem gives .

We get and
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Determination of control coefficients

�

Experimental determination of flux control coefficients by

manipulation of enzyme activity.

1: Alteration of gene expression

mutant heterozygotes,gene dosage,antisense RNA

2: Alteration of activity by environmental means

3: Titration with enzymes

rat liver homogenates C =0.79,C =0.0, C =0.21

4: Titration of activity by inhibitors

Control coefficients from computer models

Control coefficients from elasticities
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alteration of gene expression

Figure from Fell.
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alteration by titration with enzymes

Figure from Fell.
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measurements of elasticities

In vivo modulation (Kacser& Burns)

� � � � 2PG

	 � � � �� 	� PEP � ... � � � � �� � �	� �
 � � � �

�
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By differentiation of , and from three different experiments we have
,

Scaling these equation by division with gives
and

These equation can now be solved for the two elasticities and
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kinetic equations for a metabolic network

�

Kinetic equations:

��� �
�� � �

���
	 � � �

�� is concentration of species s

 is the stoichiometric matrix

��� is the rate of reaction �

constitutes an r dimensional rate space .

The stationary states are the null space of in

The null space is a convex cone in R bounded by
extreme currents.
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example of stationary states in rate space

Two extreme currents in a 3 dimensional rate space

v
1

3
v

v
2

E2

E1
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network for "glycolysis" in flow reactor

x

ATP
23: consum

x

x

CN-

x

9: lpPEP

15: lpGlyc

22: storage

1: inGlc

16: difGlyc

17: outGlyc

20: lacto

21: inCN

19: outACA 14: outEtOH

13: difEtOH18: difACA

ADP

x

ADP

ATP

+NADNADH

+NAD

ADP

ATP

+NADNADH

12: ADH

ATP

ADP

EtOH

ATP

ADP

24: AK
ATP + AMP 2 ADP

Glc

Glyc

Glyc

ACA

GAP

G6P

F6P

FBP

BPG

Glc

ATP ADP

DHAP

NADH

PEP

Pyr ACA EtOH

8: GAPDH

10: PK
11: PDC

7: TIM

6: ALD

3: HK

4: PGI

5: PFK

2: GlcTrans

Intracellular reactions
Extracellular reactions
Transport across cellular membrane

ODE model at metabolome level
20 variables
24 reactions
60 parameters
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extreme currents of stationary states

Extreme currents for glycolysis at Hopf point.

a b c d

�

ferm

�

glyc

�

lact

�

stor
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control of extreme currents

� ���� � �� ����

�
	�� �
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control of extreme currents
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control of extreme currents
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control of extreme currents
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control of flux at Hopf point

� � �� ���
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perspectives

� Flux control coefficients describe the influence of
genetic manipulation on metabolic flux at a
stationary state

Redirection of flux requires simultaneous changes
in many enzyme activities

Is a stationary state a valid description of a
biological system.

On long timescales changes in metabolite
concentrations feed back on gene expression.
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