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Metabolic control analysis: biological applications and insights
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Abstract

Metabolic control analysis provides a robust mathematical and theoretical framework for describing
metabolic and signaling pathways and networks, and for quantifying the controls over these processes.
Its application has already shed light on some of the principles underlying the regulation of metabolic
pathways, and it is well suited to the analysis of the types of data emerging from genomic studies.
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Modeling biological processes and systems
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Metabolic control analysis
Theory
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Box 1
Metabolic control analysis uses control coefficients, elasticity coefficients, and response coefficients to quantify
responses to perturbations. The control and elasticity coefficients are scale-less terms of the form given in Equation 1.
Control coefficients (C) define the degree of control that each step in a pathway has on system variables such as flux or
metabolite concentration. The control coefficient (CA

i ) of Equation 1 describes the strength of the response in variable
A (e.g. flux), to a change in the steady-state rate (�i) of step i.

A �A     �
i �ln A                                 A

C        =             •        = where � C    = 1 (1)
�i ��i A �ln �i                                              �

As illustrated in Figure 1, the flux control coefficient may range from 1 (complete control over a pathway) to 0 (no
control). For a given flux Jn, the sum of the control coefficients for all enzymes affecting Jn must equal one. Thus control
coefficients are systems properties and are defined in the context and constraints of the system. 

Elasticity coefficients (�� define the sensitivity of an isolated (that is, ‘local’) enzyme’s reaction rate (under the same con-
ditions as the system) to changes in a reaction parameter such as substrate concentration. The elasticity coefficient is
derived from the kinetics of a given enzyme and often reflects the fractional change in enzyme rate associated with a
fractional change in substrate concentration. 

The connectivity theorems relate the systems properties of the pathway (C) to the local properties of an individual
enzyme’s kinetics (�) through a common intermediate metabolite (M). They describe how metabolic perturbations
propagate through the chain of enzymes comprising a metabolic network. Equation 2 details the connectivity relation-
ship - where A may be flux or metabolite concentration. 

�
i
CA

i �
i
[M]  =  0              where A � [M] (2)

In addition to quantifying the control each step of a pathway exerts on a system variable (for example, flux), metabolic
control analysis allows us to quantify the response to an external perturbation using the partitioned response coeffi-
cient (R). As shown in Equation 3, an external effector (X) such as an inhibitor would affect the rate of some enzymes
in the pathway as quantified by enzyme elasticity coefficients. However, as these rates change, so do the system vari-
ables, as quantified by the control coefficient. The partitioned response coefficient therefore quantifies this change in
the system variable (A) as the sum of the effects through all the enzymes (i) affected by the external effector (X), as
shown in Equation 3.

RA
X =  �

i
CA

i �
i
[X] (3)
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Application to a specific system
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Elucidation of underlying biological design principles
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Figure 2
The model systems analyzed in [17], reproduced with
permission. (a) Mitogen stimulation of thymocyte
respiration is depicted as a single open arrow. Respiration is
targeted by the mitogen Con A via a number of signal
transduction pathways. Analysis of the system should allow
one to establish a topology of signal routes and to weight
the arrows extending through the signal transduction
intermediates (PKC, MAPK, calcineurin and the unidentified
pathways). (b) The system depicted in (a) in a modified
form. Fewer signal transduction pathways are considered,
but their interaction is studied with respect to two blocks of
reactions that participate in respiration: the producers and
the consumers of the mitochondrial membrane potential
(��m). The responses of these target pathways to Con A
via the signal transduction pathways considered can be
determined using specific inhibitors of signal transduction
(bisindolylmaleimide I and cypermethrin), electron transport
(myxothiazol) and ATP synthesis (oligomycin).

PKC

Producers Consumers

Bisindolyl-
maleimide I

Myxothiazol Oligomycin

(Both)

Cypermethrin

MAPK Calcineurin

Con A

Con A

Unidentified

PKC Calcineurin Others

(a)

(b)

∆Ψm

Figure 1
Flux control coefficients (C) for typical variations in pathway
flux (J) measured at step n with a steady-state rate (�) at
step i of a pathway. The coefficients are equal to the slope of
the tangent to the curve (shown) multiplied by the scaling
term vi/Jn. This figure is adapted from [6].
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