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There is one thing I would be glad to ask yori. When a mathematiciarz
engaged in investigatirzg physical actions arzd results has arrived at Itis
conclusions may they not be expressed in comnzort language as fitlly,
clearly and definitely as it1 rnathernatical formulae? If so would it not
be a great boon to such as I to express thent so? - translatirtg them
out of their hieroglyphics, that we r?zigktalso work ripon them by experiment. I think it must be so, because I have always found that you
could convey to me a perfectly clear idea of your conclusio~ts,wltich,
though they nray give me no fir11 irnderstandirzg of the steps of your
process, give me results neither above rtor below the truth, and so clear
in character that I can think and work from them. If this be possible,
would it not be a good thing qmathenlaticians working on these subjects
were to give us the resrrlts irt this popular, useful, workirzg state, ns
well as in that which is their owrt and proper to thent?
Letter from Faraday to Maxwell, cited by Schwartz (1986)
INTRODUCTION

Leaving aside downstream processing and the like, it is difficult t o
imagine an industrial microbiological process in which the maximisation of a metabolic flux is not of primary importance. Now, especially
for products of low added value, in which the substrate costs are
relatively high, it might be thought that the yield (rnol product per
mol substrate) is what matters most. Yet even here theflux of substrate(~)to the product contributes to the volumetric productivity.
The fact that actual processes fall short of their theoretical performance stimulates thinking about why they fall short, and how
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the process might be modified so as to increase the productivity.
In the case of technical aspects, such as aeration and cooling, it
is clear that one must determine (from a knowledge of the response
of the organism to p 0 2 and to temperature) which technical factor
is most limiting to a further increase in productivity, and then attempt
to improve on that factor.
Not long ago, the foundations were laid for a broadly similar
approach to the optimisation of the biological part of the process.
Using Metabolic Control Theory (review: Westerhoff & van Dam,
1987), one may determine which biological step(s) most limit the
productivity, and then devise the most rational method by which
to engineer the microbe's metabolism so as to improve on that step
(Keli & Westerhoff, 1986b). Because this approach is becoming
increasingly widely applied, we here wish to review it in the way
in which Faraday (see above) would have wished. This should allow
the reader to acquire a sufficient understanding of this approach,
without (or before) the necessity of embarking on the relevant calculations. Although the Metabolic Control Theory has tended to focus
on the optimisation of metabolic fluxes, it can equally well be applied
to the maximisation of any other metabolic variable which may be
relevant to the productivity.
Of course, traditional and empirical methods of mutation and
strain selection have led to the development of production strains
for (say) antibiotics which outstrip the starting isolates by orders
of magnitude in terms of their ability to produce the desired endproduct (Calam, 1987). Thus, the penicillin fermentation has,
through countless rounds of mutation and selection, increased its
final titre from some 2 Units/ml to some 50000 Units/ml over the
Iast 40 years or so; however, as Cooney (1979) pointed out, such
a strain still only converts some 6% of the added carbon source
to the desired product. By contrast, the yield in say the glutamate
fermentation may be 50% or more (in terms of added carbohydrate,
e.g. Meers & Milsom, 1987); here the improvements to be desired
are generally taken to relate more to strain stability, resistance to
bacteriophage and in fermentor control algorithms. In both (and
indeed all) cases, however, and certainly from an economic standpoint, it is the volzrmeiric productivity which should be maxirnised,
i.e. the flux of substrate to product (per unit fermentor volume or
per unit produced). Our aim is to give an overview of certain moreor-less process-independent means by which one might seek to engineer any of these improvements.
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(1) The yields of even well-studied and 'mature' fermentations are

significantly lower than those theoretically possible. One may
imagine that the evolution of such strains has become 'stuck'
in a region of 'evolutionary space' from which rarzdom mutation
and selection is unlikely to permit its escape, or the evolutionary
pressure on these strains has not been towards a metabolic structure that is optimal for our purposes. 'Novel' strategies are therefore necessary for the improvement of such processes;
(2) If the novel strategies are to be rationally based, the conditio
sine qua non is an improved understanding of the relevant metabolic pathways, and their control, in microorganisms in general
and in producer strains in particular;
(3) Given the modern availability of powerful genetic and protein
engineering techniques, any data available in (2) may be used
rationally to choose which protein(s) to clone and/or to modify
for the desired purpose(s);
(4) A re-emergent formalism (which we review), known as the Metabolic Control Theory (MCT), allows one rigorously to define
the control structure of biochemical pathways of arbitrary complexity under almost all conditions; especially with the advent
of cheap microcomputers, it constitutes a subset of the Universe
of available modelling approaches, at an appropriate level of
complexity, and is proposed as a formalism of choice for work
in this area. We give examples of its successful use and (aposteriori) its predictive power. Whilst much of the MCT approach,
with the wisdom of hindsight, is only applied common sense,
its benefit is that it does provide a correct, satisfying and generally applicable formalism for the appropriate description of
metabolic processes. Even where technical difficulties proscribe
the rigorous application of the MCT, approximate analyses carried out within its framework can give an improved understanding of the control and 'engineerability' of a metabolic pathway.
(5) Especially because MCT describes only the control structure,
and not absolute fluxes, other approaches must be used to supplement the information available using MCT; attention is drawn
to some of these, such as Biochemical Systems Theory and
Mosaic Non-equilibrium Thermodynamics.
We begin with an outline survey of the Metabolic Control Theory,
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first in an historical context and then in terms of its chief tenets
and theorems.

METABOLIC CONTROL THEORY

Historical overview
The formalism which we refer to as the MCT is usualIy taken to
originate, so far as biochemistry and microbiology are concerned,
with the work of Kacser & Burns (1973) in Edinburgh and of Heinrich
& Rapoport (1973,1974) in Berlin. It followed and paralleled similar
contributions from Higgins (1965) and Savageau (1972, 1976). In
fact the generalised approach had been known in economics and
many other fields for some time previously (Cruz, 1973), since it
may be applied to any system in which 'users' (people, enzymes)
interact with each other by means of diffusible intermediates (money,
metabolites) which change their nature (or value) concomitant with
each interaction, and at rates which depend upon the concentrations
of all other intermediates in the system. In other words, it provides
a means of dealing with networks in general and with metabolic
networks in particular.
For a variety of reasons, probably owing more to sociology than
to science, the MCT was little used during the 1970s by other than
its originators (see Rapoport et al., 1976; Heinrich et al., 1977, Kacser
& Burns, 1979). However, perhaps because of its success in resolving
important controversies in heterokaryon genetics (Kacser & Burns,
1981) and mitochondria1 oxidative phosphorylation (Groen et al.,
1982a, Wanders et al., 1984n; Westerhoff et al., 1987n, Westerhoff
& van Dam, 1987), and the establishment of a unified terminology
(Burns et al., 1985), as well as being reinvented for enzymes (Ray,
1983), it has been reviewed (Groen et al., 19826; Westerhoff et al.,
1982, 1984a; Derr, 1985, 1986; Kell & Westerhoff, 1985, 1986a, b;
Porteous, 1985; Hofmeyr, 1986; Brand & Murphy, 1987; Kacser
& Porteous, 1987; Kell, 1987; Nimmo & Cohen, 1987; Westerhoff
&van Dam, 1987; Kacser, 1988), extended (Stucki, 1983;Westerhoff
& Chen, 1984; Fell & Sauro, 1985; Chen & Westerhoff, 1986; Keleti
& Vkrtessy, 1986; Welch eta!., 1988; Hofmeyr et of., 1986; Sorribas
& Bartrons, 1986; Westerhoff & Kell, 1987,1988; Sauro et al., 1987;
Westerhoff & van Dam, 1987; Westerhoff et al., 1987b) and adopted
(Gellerich et al., 1983; Doussikre el nl., 1984; Westerhoff & Arents,
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Fig. 1. A typical linear (unbranched) metabolic pathway, in which an initial substrate A
is converted by enzyme-catalysed reactions via a series of metabolic intermediates (B, C,
D, E, F) into a product G. Under the usual conditions considered, [A] is maintained constant,
or at a value far above the Km. o f the first enzyme in the pathway and the activation
or inhibition constants for the other enzymes in the pathway. The flux to G (Ic) and the
concentrations of the metabolic intermediates are then variables, which attain appropriate
values when the system relaxes to a steady state and which depend upon parameters such
as the enzyme concentrations and catalytic constants, temperature, pH and the concentration
o f external modifiers.
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1984; Wanders et ol., 1984b; Walsh & KoshIand, 1985; Mazat et
1986; Groen et nl., 1986; Salter et nl., 1986; Dixon et nl., 1987)
in an increasing number of quarters. At the time of writing (spring
1988), it has not been greatly exploited (in published form) for biotechnological processes, although we are aware of a number of
groups who are now making use of MCT to such ends. It is in the
hope of extending the user base still further that we again review
it for the present audience. Because the chief difficulty for the user
probably lies in becoming acquainted with the terminology of the
formalism, we lay special emphasis on the distinction between the
two main coefficients used: control coefficients and elasticity coeficients. This review will go into a depth sufficientto permit the reader
to acquire a working understanding of the MCT, whilst those for
whom our discussion may seem superficial are referred to a recent
extended analysis (Westerhoff & van Dam, 1987). Although some
of the terms now used differ from those in the early literature, we
adopt throughout the unified teiminotogy agreed by the originators
of MCT (Burns et nl., 1985).

a!.,

I

!

i

The idealised metabolic path way
It is convenient to consider a linear (unbranched) metabolic pathway
( A . ..-+ .. .G) (Fig. I), in which a 'starting' substrate A is converted
via a series of intermediates to a product G , with each reaction
being catalysed by an enzyme (el, e2, en, etc.), each present at a
concentration en (we thus drop square brackets for convenience).
Under steady-state conditions, the flux J through the pathway (in
say nmol (min mg protein)-') is obviously equal to dG/dt (if there
is no sink for the product) and the concentrations of intermediates
are steady in time. As is usual, we consider that A is present at
a concentration sufficient for its effect upon the reaction rates to
remain constant during the time of observation. This condition is
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met if [A] is far above the K, ( K i ) value(s) of the enzymes with
respect to A, if some other process produces A at the same rate
at which it is consumed, or if the concentration of A is strongly
buffered. In the same sense, we assume that the increase in G with
time is sufficiently small that J remains constant. Of course there
is a certain arbitrariness in this definition of a steady state, but,
since we wish to relate the theory to actual experiments, the operational definition is appropriate. The effective constancy of A and G
is essential for the validity of the mathematical component of the
MCT. If A and G do vary, then an extended pathway should be
considered (see below). It is not essential that the pathway is linear.
Moreover, all reactions may be reversible and be influenced by any
other metabolite.
In the MCT (and indeed generally) it is crucial to distinguish
between parameters and variables: parartzeters are properties of the
experimental system set either by the experimenter (e.g. temperature, pH) or by nature (Km of enzyme i, k,, or V,,, of enzyme
i) that remain constant during an experiment, whilst the latter (such
as the concentration of intermediary metabolite X, or the flux 3)
only attain a constant value during a steady state; the steady-state
magnitude of any variable is set by those of all the parameters.

Although we shall see that this question is incorrect in principle,
the next question which is usually asked is, 'which enzyme is catalysing the rate-limiting step?' Since we have a (steady-state) situation
in which all reactions are proceeding at the same rate, we cannot
discern the extent to which a particular enzyme is controlling a flux
merely by simpIe observation of that flux. Let us perform a Gedarzken
experiment with enzyme e4 of our prototypical metabolic pathway
of Fig. 1. We know that if we remove it completely the flux will
drop to zero (this is one criterion that the enzyme is actually in
the pathway), and if we raise its concentration to an arbitrarily high
value the flux will reach a plateau where it is 'limited' by the activities
of the other enzymes in the pathway. At least three simple possibilities for describing the relation between J and e4 then exist (Fig.
2). In case (a), doubling (the concentration of) e4 has a negligible
effect upon the overall flux; we would be justified in stating that
e4 exerted no flux control. In case (b), doubling e4 doubles J; we
would (in fact) be justified in stating that e4 was completely flux-
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Fig. 2. Possible effects of the concentration of any enzyme such as e,, modified for instance
by genetic means, on the flux through a pathway such as that of Fig. 1 in which it is a
catalyst. For further details, see the text. From Kell & Westerhoff (1986b)@Elsevier Publications. Reprinted with permission.

controlling. Case (c), however, would present us with something
of a quandary, in that doubling el causes an increase, but not a
proportional increase, in J ; clearly e4 is not rate-limiting but it is
not not-rate-limiting either, since it does in some way contribute
to the control of the flux. A two-valued logic system of rate-limiting
vs. non-rate-limiting is inappropriate for our purposes, and Higgins
(1965), Kacser & Burns (1973, 1979) and Heinrich & Rapoport
(1974) introduced the flux-control coefficient CJe(e = en) to express
in qwntitative terms the extent to which an enzyme in (or affecting)
a metabolic pathway was controlling the pathway flux J. Since (Fig.
3) the ratio between the change in flux dJ occasioned by a change
in enzyme concentration Ae itself depends both upon the magnitude
of Ae and the absolute magnitude e, N / A E may not be the best
measure of flux control. Rather, the flux-control coefficient is made
dimensionless; it is defined as [(dl/J)/(de/e)],, where the subscript
ss indicates that measurements are made under steady-state conditions. That is, after changes are made in e, one considers the difference between the original steady state and the new steady state.
The measurement must also be made under conditions in which
all parameters other than the concentration of e are held constant.
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FLUX J

.

c
[Enzyme E]

Fig. 3. The flux-control coefficient of an enzyme E. If the concentration of enzyme E in
a metabolic pathway is changed by an amount AE, then the pathway flux will change by
an amount AJ. However, because of the probably non-linear relationship between J and
E , AJ/AE depends both on the value of (J, E) and on the magnitude (and sign) of LIE.
One therefore defines (Higgins, 1965) the flux-control coefficient using limiting changes and
in dimensionless terms, as [(dJ/J)/(dE/E)].

Thus the flux-control coefficient is defined as the frnctiorznl change
in pathway flux divided by the fractional change in enzyme concentration (or activity) when these changes are made (infinitesimally)
small. Since d J / J is mathematically equivalent to dln J, the flux,
control coefficient may be obtained as the slope of a plot of J versrrs
e on log-log paper, at the value of (J, e) prevailing. As in Fig.
2, the flux-control coefficient will most often take a value between
0 and 1, although negative values (and values > 1) are possible.
Thus, we may reiterate, the flux-control coefficient provides a quantitative expression of the magnitude of the flux control exerted by
an enzyme on the flux through a metabolic pathway.

Evidently, by means similar to that which we used for e4 in our
Geda~zkenexperiment above, we may determine the flux-control
coefficient of each enzyme in the pathway, without for the moment
worrying about why they may take the values they possess. What
use is this to us? It turns out, and has been proven rigorously (Kacser
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essentially because we limit ourselves to 'infinitesimal' changes and
transitions between asymptotically stable steady states (and provided
that the intermediate metabolites including any allosteric modifiers
exhibit pool behaviour), that rlze sron of t!zefli~x-control coefficients
of the enzymes in a r?tetabolic pntlzway (or i~ztemctingwith it vin
nllosteric modifiers) equnls tinity. This is known as the flux-control
sl~rnntatiotztheorenz. This then gives an exact framework for what
is intuitively clear, if not always implemented in discussions of metabolic control: the flux control is distributed over all the enzymes
in a metabolic network. Rather than asking the question 'which
enzyme controls the flux in a metabolic pathway?' a more useful
question is then 'how is flux control distributed between the enzymes
in the network?' Thus a knowledge of the flux-control coefficients
of the enzymes of interest permits one ratiorzally to choose which
enzymes one might best seek to clone and/or to modify to increase
the flux of interest.
A rather obvious corollary of the flux-control summation theorem
is that, if a linear metabolic pathway contains 12 enzyme types, then
the average vaIue of the flux-control coefficient will be l/rz, so that
in long pathways the flux-control coefficient of any enzyme is likely
to be small. This not only accounts for the prevalence of genetic
dominance in heterokaryons (Kacser & Burns, 1981) but provides
a satisfying intellectual explanation of why so many rounds of mutation and selection are required to obtain a more productive strain,
since flux-control is constantly shifting from one enzyme to another
as the strain-improvement programme progresses. By contrast, individual enzymes are liable to exert a very strong flux control in short
pathways; the control by inosine monophosphate dehydrogenase on
the flux to product in commercial guanosine fermentations appears
to be a case in point (Miyagawa et at., 1985).
From the point of view of the production of say antibiotics, or
of other secondary metabolites, where the exact metabolic pathways
are often still not known precisely, a black-box approach (Fig. 4)
to the estimation of flux-control coefficients is permissible (and probably preferable). Provided that one may induce the coordinate
induction or repression of a group of enzymes, as seems to be the
case with some but not all Streptomycetes (Malpa~tida& Hopwood,
1984; Chater & Bruton, 1985; Stanzak et al., 1986), such groups
of enzymes may be considered as a single enzyme for the purpose
of estimating their contribution to flux control (Kacser, 1983;
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Fig. 4. Estimation of the contribution o f a particular segment of metabolism to the control
of the flux through the whole pathway does not require that we know the identity of each
of the enzymes concerned. This is o f course a fairly common circumstance in studies of
secondary metabolism. The flux control coeflicient of a segrnenl is the sum of the flux-control
coeficicnts of each of its constituent enzymes. In other words, CJn+ c',,,, + CJn,,
= CJ(n+(n+l)+
(n+2))

Hofrneyr et al., 1986; Westerhoff et nl., 1987a). Of course, by their
very nature, as compounds not necessary for cellular growth and
typically produced during idiophase in batch cultures, we may expect
that it is only during such an idiophase that the enzymes of secondary
metabolism actually appear. This would mean that it is the activities
of the enzymes of secondary metabolism per se, and not of those
of primary metabolism that are necessary to produce the carbon
skeletons that form the substrates for secondary metabolism, that
exert most flux control on the rate of secondary metabolite production. This suggestion is indeed borne out in practice (BEhal, 1986),
and suggests (at least for these cases) that 'rational' cloning
approaches should therefore concentrate mainly upon the enzymes
of secondary metabolism themselves (see Fig. 5).

Control coefficientsforpntJt~vaysltbstrates, external efectors and
rnetnbolite corrcentrntiorzs
In contrast to some suggestions (Meiske & Reich, 1987), metabolic
control theory is not limited to the control by parameters (such as
enzyme activities) that linearly affect reaction rates. Indeed (Kacser
& Burns, 1973), we may define flux-control coefficients for the pathway substrate and for any other external effector (e.g. an inhibitor),
exactly as we did above for the enzymes of the pathway, in terms
of the fractional change in flux divided by the fractional change
in effector (concentration). Thus for an external effector I, C1*= [(d
In J)/(d In I)],,, under conditions in which no other changes are
made to the system other than I, CJImay take any value (positive,
negative, >1, etc.).
In the steady state, the concentration of intermediary metabolites
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Fig. 5. Enzymes of secondary metabolism, with low values of ,k or ,
V
tend to have
a high Rw-control coefficient for the flux to the secondary metabolite. (a) The pathways
modelled, in which P3 is the secondary metabolite produced from an intermediate M, which
in the absence of e, is part of another pathway (producing PZ).(b) The flux-control coefficient
(upper fulI line) and flux through secondary metabolism (lower full line) are given as a function
of the V
,, of secondary metabolism. The plots were calculated using the (norrnalised) rate
equations: v, = 1/(1+ hl); v2= M;v3= V3.M and the steady-state condition vl = v2+ v3. The
flux-control coefficient C33was evaluated using Eq. 4.115 of Westerhoff & van Dam (1987).
The fraction of the pathway flux flowing through secondary metabolism = VJ(l+ V3).

is unchanging, and is obviously determined by the enzymes of the
pathway (and of those interacting with it via the production or utilisation of allosteric effectors). The concentration-control coefficient Cxe,
for enzyme el on metabolite X is [(d In X)/(d In ei)lSs,and there
is a family of concentration control coefficients for each metabolite,
one for each enzyme in the pathway or to which the pathway is
connected via diffusible intermediates. There is also a summation
theorem for the metabolite concentration-control coefficients:
ICxei=0, or in other words the sum of the concentration-control
coeficients for a set of enzymes on metabolite X is zero (Heinrich
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et nl., 1977). This means that some metabolite concentration-control
coefficients will have negative values, as one would expect; in
general, stimulating the activity of an enzyme for which the metabolite of interest is a sztbstrate will tend to lower the concentration
of that metabolite.
Yield ot2d eflciert cy con fro1coeficients

Traditionally, MCT only discusses the control of fluxes and of metabolite concentrations. However, it also sheds light on the control
of any variable within the system under consideration. Thus, MCT
has discussed proton-linked free energy transduction in terms of
the control of proton electrochemical potential differences and phosphate potentials by the participating enzymes (Westerhoff & van
Dam, 1987). For microbial biotechnology, MCT may be extended
to include the control of yield (which is the control of a ratio of
fluxes (Westerhoff & Kell, 1987)) or the control of the (non-equilibrium) thermodynamic efficiency of the process of interest. Thus,
depending upon the purposes for which one wishes to improve a
microbial strain (or, indeed, process), one should focus on the appropriate control coefficients, which may be for output flux, metabolite
concentration, yield or efficiency.
Elasticity coeficietzts

Thus far, we have ignored the fact that the tlrrtlover nuinber of an
enzyme in situ is of course a function of the concentrations of its
substrate(s), product(s), allosteric modifiers and so on. MCT refers
to such properties in terms of the elasticity coeflcietlts, which are
defined, in a way that is mathematically similar to the control coefficients, as the fractional change in the turnover number of a particular
enzyme divided by the fractional change in concentration of the
effector of interest, under conditions in which all other parameters
and variables are held constant. Thus the elasticity coefficient &of
enzyme ei towards metabolite X is = a in V i l a in X. In other words,
the elasticity coefficient may be derived from the relevant enzymatic
rate equation simply by taking the (partial) derivative thereof, under
conditions in which all other modifiers are present at their in vivo
values.
A convenient way to remember the shorthand embodied in MCT
is to note that in the definitions of flux-control and elasticity coeffi-
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cients, the subscript represents the cnuse and the superscript the
effectof a particular change. It may be noted that the elasticity coefficient is the property that an enzymologist would measure while studying a single enzyme; he would determine the dependence of the
reaction rate on the concentration of substrate(s) at constant and
defined concentrations of product(s) and modifiers. In a double
logarithmic plot of this dependence, the slope would amount to the
elasticity coefficient of the enzyme towards its substrate under the
assay conditions. Note also that the elasticity coefficients differ from
the control coefficients in that when the latter are measured (a)
only the parameters are held constant and (b) the system is allowed
to relax to a new steady state. In addition, the elasticity coefficients
are local (reflecting the effects of single effectors on the rates of
single enzymes), and are thuspartial derivatives, whereas the control
coefficients are global (reflecting the effects of single enzymes on
mixtures of enzymes causing a flux through a metabolic pathway).
Control coefficients amount to what a cell biologist would measure,
i.e. the effect of a change in a metabolically relevant parameter
after allowing the cell to adjust itself to the change and to attain
a new steady state.
We would stress that, despite an apparently widespread view to
the contrary, intermediary metnbolite concentrations d o not control
fluxes; it is the enzymes and their properties themselves which control
the fluxes - intermediary metabolite and effector concentrations
adjust themselves to their steady values as a consequence of these.
Thus 'explanations' such as 'the flux through pathway X is low
because the concentration of metabolite M is significantly below
the K, of enzyme Y' are insufficient, and should be avoided. However, since the global behaviour of a system is reIated to the behaviour of its individual components, we may expect that the flux- (and
metabolite concentration-)control coefficients are related in some
way to the elasticity coefficients. This is indeed the case.

I

I

I

I

The connectivity theorems

.

If one inhibits a particular enzyme (using a specific, irreversible or
non-competitive inhibitor) in a pathway through which metabolites
are being transformed at a flux J, the first effect will tend to be
the transient build-up of the enzyme's substrate. If our (MichaelisMenten) enzyme had been operating far above its K,, its turnover
would thereby be increased but little to accommodate the block
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and the flux would be modified nearly in proportion to the decrease
in the activity of the enzyme. From what we have learned above,
this would be an enzyme with a low elasticity (little change in turnover for a significant change in substrate concentration) and a high
flux-control coefficient (large change in flux for a given change in
enzyme concentration/activity). It is evident that the converse would
also have been true for an enzyme operating well below its K,.
These qualitative statements are embodied in theprlx-cotztrol connectivity theorem which states that the sztm of the prodrtcts of the
flux-control coeficietzts of the elzzynzes in n pnthwoy nnd their elnsticities towards a given rnetnboIite is zero (Kacser & Burns, 1973) or,
in our shorthand: EC',i . = 0. Matrix methods allow a convenient
determination of the flux-control coefficients from the elasticities
alone (Fell & Sauro, 1985).
A second connectivity theorem (Westerhoff & Chen, 1984) serves
to express metabolite concentration-control coefficients in terms of
elasticities (Westerhoff et al., 1984; Sauro et nl., 1987; Westerhoff
& Kell, 1987; Westerhoff & van Dam, 1987). In addition, for a
specific external inhibitor acting upon an enzyme ei, CJ1/1= (CJci
E'~~)/I,in other words the flux-control coefficient of an inhibitor
= the flux-control coefficient of its target enzyme times the elasticity
of the enzyme towards the inhibitor. The division by I ensures the
definability at I = 0, the physiological concentration (Westerhoff &
van Dam, 1987). For a 'perfect', tight-binding inhibitor (i.e. where
one molecule of inhibitor completely inhibits one molecule of
enzyme) cei1= -I/ei, such that CJci
= -d 1n J / d in (I/ei), i.e. the
flux-control coefficient equals the percentage decrease in the steadystate flux caused by an inhibition of 1 % of the target enzyme. This
provides a convenient means for the estimation of the flux-control
coefficients from suitable inhibitor titrations (Groen el al., 1982;
Westerhoff et al., 1984; Kell & Westerhoff, 19860, b; Westerhoff
& Kell, 1988), since the amount of enzyme is obtained by extrapolation of the titration curve to the abscissa, the fractional change therein by the slope of the line joining this point with the starting point
of the titration, and the fractional change in flux is the initial slope
of the titration curve. Thus the flux-control coefficient falls out
directly as the ratio of two normalised slopes (Fig. 6).
In sum, the flux-control coefficients tell us quantitatively which
enzymic steps control metabolic fluxes of interest, whilst the elasticities tell us which interactions or properties of the enzymes underlie
the systemic observables. The connectivity and summation proper-

Supplied by The British Library - "The world's knowledge"

.

..

75

C O N T R O L A N A L Y S I S O F M I C R O B I A L GROWTH

decrease
1 above,
in turn,d a high
lange in
se would
its K,.
trol conts sf the
r elastici.973) or,
nvenient
!asticities

4) serves
terms of
esterhoff
In, for a
f I = (CJCi
inhibitor
elasticity
;ures the
erhoff &
e. where
ecule of
i.e. the
e steadyme. This
u-control
l., 1982;
esterhoff
vtrapolange thering point
:ial slope
falls out
1y w l ich
~
:elastici-

underlie
I proper-

Fig. 6. Estimation of the flux-control coefficient CJCi
of an enzyme ei by the use of a tightlybinding and specific inhibitor of that enzyme. Here, both the normalised pathway fiux J
(e) and the normalised velocity vi of the (functionally) isolated enzyme (0)are titrated
using a tight-binding, specific and stoichiomerric inhibitor of the enzyme. Allowing for the
fact that the dissociation of the enzyme-inhibitor complex a t very low enzyme concentrations
must be taken into account, the initial concentration of enzyme = the extrapolated concentration of inhibitor from the titration curve itself. The flux-control coefficient of the enzyme
is given by tan a/tan P. Note that the experimental curve for the functionally isolated enzyme
would also show a tail, which is omitted here to indicate the extrapolation procedure t o
beused. From Kell & Westerhoff(1986b) QElsevier Publications. Reprinted with permission.

ties describe how these enzymic properties determine the distribution

of control between the enzymes.
More complicated path ways
Although the MCT is becoming relatively 'mature', additional theorems and derivations are still being obtained, as an increasing body
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of workers becomes interested in the use of the MCT. In particular,
branched pathways (Kacser, 1983; Westerhoff & Arents, 1984; Fell
& Sauro, 1985; Sauro et nl., 1987; Kacser, 1988), conserved cycles
of cofactors and futile cycles (Hofmeyr et nl., 1986; Sorribas & Bartrons, 1986; Westerhoff & van Dam, '1987) have been dealt with.
The existence of a branched pathway adds two major problems to
the analysis. First, the number of enzymes now exceeds the number
of metabolites, since two enzymes act on (i.e. use as a substrate)
the metabolite appearing at the branch point, so that additional
theorems are necessary to express the control coefficients simply
in terms of the elasticities. In fact, the minimum and sufficient piece
of knowledge that is additionally necessary is the flux ratio at the
branch-point. From a biotechnological point of view, and as follo~vs
from the opening statement, enzymes in the other branch(es) of
a branched pathway will tend to have riegntive flux-control coefficients for the production of the metabolite of interest. Thus, as is
of course already practised, maximisation of the flux of interest
generally requires the inhibition of competing fluxes.
A particularly interesting case (Welch et al., 1988; Westerhoff
& Kell, 1988), and one whose frequency of occurrence is becoming
increasingly apparent (Welch & Clegg, 1986; Srcre, 1987; Srivastava
& Bernhard, 1987), is that in which metabolites are not freely diffusible ( i s . organised as 'pools'), but are passed directly from one
enzyme to the next without being released into the 'bulk' intracellular
medium. In fact a number of secondary metabolic systems also
appear to exploit this organisational principle (Beha], 1986). In this
case, the flux-control summation theorem is violated when judged
by the use of specific inhibitors (since inhibiting arzy enzyme in such
an 'organised' pathway inhibits the flux in direct proportion, and
this is true for each enzyme in the pathway). Such a finding provides
a rigorous means of detecting the existence of such 'microcornpartmentation' (Kell & Westerhoff, 1985; Westerhoff & van Dam, 1987;
Westerhoff 6r Kell, 1988).
EXPERIMENTAL APPROACHES

The experimental assessment of the magnitude of flux-control coefficients follows more-or-less directly from their definition: one studies
the change in flux engendered by a change in the activity or concentration of the enzyme of interest. One approach was given above,
viz. the use of specific inhibitors to modulate an enzyme's activity.
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Using reconstituted systems of soluble and non-interacting enzymes
vitro, the flux-control coefficients may be simply evaluated by
titrating in the enzyme of interest (Torres et nl., 1986). Alternatively,
the activity of a particular enzyme may be changed by genetic means.
In eukaryotes, one may create heterokaryons which express different
amounts of the enzyme of interest, and Kacser and colleagues have
used this approach with Nertrospora crassn (Flint el a!., 1980, 1981)
and Drosophiln nlela~zognster(Middleton & Kacser, 1983). It was
found that, since the flux-control coefficient of most enzymes is low,
decreasing their concentration by even 50% often has only a modest
effect upon the pathway flux; thus it is to be expected, and is found,
that most mutations in diploid organisms are recessive (Kacser &
Burns, 1981).
Dean and colleagues (Dykhuizen et nl., 1987) used a series of
mutants with altered activities of the lac permease or fl-galactosidase
to determine the control coefficients of these enzymes with respect
to the 'fitness' (growth rate) of E. coli in lactose-limited chemostat
cultures, finding values of 0.6 and 0.02 respectively. Walter et al.
(1987) also found a fairly high flux-control coefficient for the glucosePTS system o n the rate of glycolysis in washed cells of CIostriditrrn
pasteurianum, by exploiting the ability of a non-specific but nonpermeant inhibitor selectively to inhibit the glucose-PTS. In haploid
organisms, and microorganisms generally, it is nowadays easier to
assess the ffux-control coefficient of an enzyme by placing its expression under the control of a promoter of variable strength. Assuming
that pleiotropic effects are absent, only the concentration of the
'target' enzyme should be modulated by varying the promoter
strength. This elegant approach was pioneered by Walsh & Koshland
(1985), who placed citrate synthase in E. coli under the control of
the tac promoter, a hybrid composed of parts of the trp and lac
promoters and whose strength (under conditions in which the lac
repressor is present) is a function of the concentration of isopropyl
P-D-thiogalactopyranoside (IPTG). It was found (Walsh & Koshland, 1985) that the flux-control coefficient of citrate synthase was
variable but generally low on a glucose-plus-acetate medium, whilst
on an acetate medium alone the flux-control coefficient was high
(but not unity). Clearly this is an exceptionally powerful approach
to the understanding of metabolic regulation in vivo, and Nimmo
& Cohen (1987) review other possibilities. For instance, the phosphofructokinase (PFK) reaction is thought to be one of the most
flux-controlling steps in glycolysis in many organisms (Hess &
jrt
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Boiteux, 1971). However, a recent study by Heinisch (1986), who
cloned the structural genes for yeast PFK and found that the rate
of ethanol production was essentially unchanged even when their
expression was increased 3.5-fold, illustrates both that strong flux
control is not associated with this reaction and indeed how useful
this general approach can be in solving problems of metabolic control. In this regard, we might also mention that analogous principles
might be used to estimate the contribution of different organisms
to the control of flux through mixed cultures or consortia.
The experimental assessment of elasticity coefficients is less highly
developed than is that of the flux-control coefficients, since it is in
general technically difficult in vivo to change but one concentration
of a metabolite whilst holding all the others constant. Of course
this is far simpler in vitro (Torres et at., 1986), and the development
of cell-free systems capable of secondary metabolite production
(Suckling, 1984; Bghal, 1985) may be expected to lead to a much
clearer understanding of the control structure of such pathways. Perhaps the easiest approach for assessing elasticities (Groen et al.,
1986) is to calculate them simply from the enzyme kinetic
and the measured concentrations of substrates, products and known
modifiers. Potential differences between in vitro and in situ conditions generate uncertainties in this approach. Another promising
in vitro approach perturbs flux through a pathway in two different
ways and measures the change in both the reaction rate (flux) and
substrate and product concentrations of the enzyme of interest. This
is suitable if the elasticities of the enzyme of interest towards other
modifiers are zero. Finally, elasticities may be determined if it is
possible to manipulate the pathway flux in two independent ways
under conditions in which the concentration of intermediate metaboIites can be monitored (Kacser & Burns, 1979).
SOME EXAMPLES OF W H A T CONTROL ANALYSIS
CAN TELL US

At the simplest level (Westerhoff et a!., 1982; Kell, 1987), given
the usual distinction between reactions which generate and which
consume ATP (Fig. 7), it is legitimate to ask the question, 'which
contributes more to the control of microbial growth rate in unrestricted batch culture - catabolism or anabolism?' Previous studies,
whilst assuming that a unique answer was possible, have given conflicting answers to this question for E. coli growingin glucose minimal
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Fig. 7. The simple MNET description of microbial growth, illustrated for an aerobic heterotrophic cell. In this description, it is considered that catabolism (c) is coupled to anaboIism
(a) via the adenine nucleotide system (p). The leak (I), formally modelled as an uncoupled
ATP hydrolase activity, indicates that the couplings are imperfect. The forces and cognate
fluxes of the partial reactions are given by the affinities X and the fluxes J , whilst the overall
thermodynamic efficiency of a linear energy converter of this type is equal to -J,XJJJ,.
CO.
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medium (Andersen & von Meyenburg, 1980; Harvey & Koch, 1980;
and see Koch, 1985). More recently, we have shown (J. Harris,
D. B. Kell & J. G. Morris, in preparation) using an inhibitor titration
approach, that (as might be expected from the overview of the control analysis given above) for Clostridizrrn pasteririanurn growing in
unrestricted batch culture in glucose minimal medium, both catabolism and anabolism exert a significant flux-control. Analysis of this
point was made particu1arIy straightforward in that the rate of ATP
production could be assessed by following the rate of fermentation
end-product formation in this obligately fermentative organism.
Thus, the addition of an inhibitor acting selectively against catabolism or of one acting selectively against anabolism (Figs. 8(a, b))
leads to an immediate decrease in the rate of growth, and the fact
that these inhibitors are selective for catabolism or anabolism, at
least during the early stages of a titration, is borne out by their
effects upon the calculated rate of ATP synthesis determined (from
the rate of fermentation end-product formation) in parallel (Fig.
8(c)). It should be mentioned that the sum of the flux-control coefficients for catabolism and anabolism does not equal one (and will
always exceed it) since there is an imperfect coupling between ATP
synthesis and its utilisation in biomass formation. Indeed, stimulating
the 'energy leak' by the addition of small concentrations of the protonophorous uncoupler tetrachloro-salicylanilide also leads to an
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Fig. 8. Both catabolism and anabolism can contribute to the control of microbial growth
rate in unrestricted batch culture. In the experiments illustrated (J. Harris, D. B. Kell &
J. G. hiorris, unpublished observations), Closrridiu~~~parteurian~rr?t
hlR505 was grown anaerobically in glucose minimal medium (Clarke et al., 1982). Growth was measured turbidimetrically and the catabolic rate gas chromatographically by the increase in fermentation endproducts. When the optical density had reached 0.8, an appropriate titre of the catabolic
inhibitor sodium iodoacetateorof the anabolicinhibitor streptomycin was added to the culture,
and the change in growth and catabolic rates monitored for 30 minules. JAn (in nmol (min
mg dry weight)") was determined from the known stoichiometriesof glycolytic ATP formation
rate upon inhibition ofcatabolism
(Morris, 1986). (a)irnmediate decrenseinnorrnalisedgro~~~th
with iodoacetate; (b) Immediate decrease in norrnalised growth rate upon inhibition ofanabolism with streptomycin; (c) relationship between normalised growth rate and normalised rate
of ATP synthesis, to illustrate the fact that the latter is respectively decreased and increased
by the catabolic and anabolic inhibitors. Data are from (a) (controls (0)and iodoacetate
titrations (0))and (b) (streptomycin titrations (El)), and from titrations with tetrachlorosalicylanilide (m). p(0) and JAv1,) represent the growth and ATP synthetic rates prior to
the addition of inhibitor. Each p o ~ n represents
t
a separate culture.
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the relationship between the catabolic rate (JATP) and the anabolic (growth) rate depends
upon whether the cell is more anabolite-limited or catabolite-limited. The theoretical coupling
stoichiometry in the absence of any 'leak' reactions (i.e. the slope of such a plot) lies between
these boundary values, and the line passes through the origin.
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immediate inhibition of the growth rate (data not shown), suggesting
that the 'leak' also contributes (with a negative control coefficient)
to the control of growth rate under the conditions stated.
Another example of the contribution of 'leak' to the overall metabolism of a bacterium can be found in the study of Mulder et a!.
(1986, 1988). The presence in E. coli of two K+ uptake systems
with a different affinity and -presumably - a different stoichiometry
(+ K f / ' A ~ Pequivalent') may lead under certain circumstances to
a futile cycling of K+ between the internal and external phases of
the cell. The gradient of K+ across the membrane detei-mines the
rate of the ATP-dissipating cycle, the rate being maximal when the
gradient is high. Experimentally, this is seen by comparing the metabolism and energetics of the wild-type strain, having both uptake
systems, with a mutant strain lacking one of the K+-uptake systems.
It is found (Mulder, 1986,1988) that the wild-type strain has a higher
rate of catabolism, and the difference in the rate of substrate utilisation increases with increasing growth rate (which is paralleled by
an increasing gradient of K+across the cell membrane).
Treating metabolism according to the MNET formalism (Fig. 7),
it may be deduced (van Dam et it., 1988) that a plot of the rate
of catabolism versus the rate of anabolism gives an indication as
to what factor more limits growth (Fig. 9). Under 'anabolism-limited'
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Fig. 10. Effect of removal of the high-affinity K+ uptake system from an Escherichia coli
strain on its metabolic behaviour in K+-limited chemostat cultures. E. coliwild type (FRAG-I,
open circles) and a mutant lacking the high-affinity K+uptake system (FRAG-5,closed circles)
were cultured aerobically in K+-limited chemostat cultures. It is clear that the wild-type
requires more ATP-equivalents to produce the same amount of biomass per unit time. The
presence of an appropriate titre of the uncoupling agent 2,4-dinitrophenol in FRAG-5 cultures
(dosed squares) leads to a behaviour similar to that of the wild-type strain, indicating that
the wild-type strain is indeed metabolically uncoupled (undertaking 'futile' cycling) under
these conditions. From Muldcr (1988).

conditions, the slope of this relation is less than the 'theoretical
stoichiometry', i.e. the coupling to be expected in the absence of
any ATP-leak. Under 'catabolism-limited' conditions, however, the
slope is larger than the theoretical stoichiometry. From the experimental point of view, an increase in the ATP-leak should increase
the slope when catabolism is most limiting but decrease it if anabolism is most limiting. The experimental finding with E. coli growing
in the chemostat with limiting amounts of K+ is very clear (Mulder,
1988, p. 70) (Fig. 10): the introduction of futile cycling leads to
a steeper slope, i.e. K+ limitation corresponds more to a situation
of catabolic limitation. Unfortunately it has not yet proved possible
to regulate the activity of the futile K+ cycle independently (by varying the amount of transporter) so as to determine a control coefficient
for the leak.
The presence of these types of leaks may be very important for
microorganisms; as discussed elsewhere (Westerhoff et al., 1983),
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microorganisms may adapt to environmental conditions by changing
the coupling in the different elements of their metabolic network.
Thus it appears that microorganisms have in general evolved to possess an optimal efficiency of growth yield at maximal growth rate
(see Westerhoff ef RZ., 1983; Westerhoff & van Dam, 1987; Kell,
1987); evidently some yield has been sacrificed to increase the rate
of production of new biomass.
In pathways with branches, i.e. in most real metabolic pathways,
there is more than one flux. The distribution of the control amongst
the enzymes tends to be different for the different fluxes (Westerhoff
& Kell, 1987; Westerhoff & van Dam, 1987). Thus if one wishes
to optimise a microorganism by increasing the activity of one of
its enzymes, the enzyme to be selected will of course depend upon
the 'purpose' of the microbial process.
For the biotechnologist, the above considerations are very important in the selection of microorganisms for different purposes. For
instance, in processes for the removal of BOD in sewage it is very
desirable to have a population of cells which metabolises rapidly
yet has a poor biomass yield. The same is true for fermentations
such as that used to produce ethanol, where the welI-known differences in glycolysis (and their ATP yield) for Zyt?~omoriasversus
Saccharostyces strongly favour the former organism so far as volumetric productivity is concerned (Rogers et nl., 1980, 1982; Morris,
1986). For this type of process one is interested in cells with large
ATP-leaks. Conversely, for the production of single-cell protein it
is advisable to have a small ATP-leak but one still sufficiently large
to permit maximal growth rate. The classic study of Windass & colleagues (1980) provides a suitable illustration of the improvements
in biomass yield to be expected when ATP-leaks are decreased,
even under carbon-limited conditions.
Although, as mentioned above, no studies yet published have
sought to account, within the framework of M a ,for improvements
in the flux towards metabolites of commercial importance consequent upon the amplification of a stated gene, several examples in
which the approximate approach was taken may be cited. Thus,
Dauce-Le Reverend ef nl. (1982) give an early and related example
for lysjne, by cloning different enzymes of lysine biosynthesis onto
a plasmid. More recently, Sano et al. (1987) amplified a cloned PEP
carboxylase gene in Brevibacteriiim lactofennerttum to improve the
production of proline and of threonine; inspection of their data indicates that the flux-control coefficient of this enzyme in the former
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case must have been nearly unity. Tsuchida & Momose (1986), from
the same laboratory at Ajinomoto, succeeded in improving leucine
production in a strain of the same organism to 34gl-I, which is
claimed to be a record. Thus, and given the ability to combine pathways from different hosts (Anderson et nl., 1985; Stellwag & Brenchley, 1986), it is clear that almost unlimited possibilities for rational
approaches to improving fermentation yields are now in prospect
(Beppu, 1986; Kisumi, 1986; Stellwag & Brenchley, 1986; Byrom,
1987). Martin (this volume) and Niederberger (this volume) describe
progress in the improvement of amino acid fermentations by such
means. An appreciation of the MCT will permit a rational approach
to the taking of decisions concerning which enzymes should be cloned
and/or over-expressed (Kell & Westerhoff, 1986n, b; Westerhoff
& Kell, 1987; Westerhoff & van Dam, 1987).
C R I T I Q U E A N D LIhlITATIONS O F MCT,A N D ALTERNATIVE
APPROACHES

The summation and connectivity properties are laws that are strictly
valid in the sense that they can be proven mathematically. Indeed,
the theorems of metabolic control theory are valid for linear and
branched pathways alike (cf. Meiske & Reich, 1987). The price one
has to pay for this is that MCT in its exact form is confined to rnetaboIic systems that meet a number of stringent requirements. Moreover,
MCT in its present form can answer only a subset of all the questions
that one could conceivably ask with respect to metabolic control.
In practice, the ensuing limitations of MCT are virtually insignificant
by comparison with the uncertainties imposed by the lack of precise
and complete experimental knowledge about the system of interest.
In fact, quite a few of the perceived (Crabtree & Newsholme, 1987)
limitations can be avoided by defining the system in a slightly different manner, as discussed above for cases in which the concentration
of pathway substrate is not constant or where the system is apparently
not steady. In cases where the activity of two enzymes is genetically
linked (i.e. they are pleiotropicaily induced), the percentage effect
of the inducer may still be evaluated using MCT, simply by summing
the two effects. Similarly, if an inhibitor is not entirely specific for
a target enzyme its effect on a flux may be predicted by multiplying
the elasticity coefficient of each affected enzyme by the flux-control
coefficient of the enzyme and summing these. The limitation that
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other intermediates (and effectors) may be removed by allowing
some of the latter to relax to a new steady state (Kacser, 1983;
Westerhoff, 1983; cf. Westerhoff & van Dam, 1987).
A more substantial limitation of the MCT is that the answers it
gives do not say everything one would wish to know about the control
of metabolism, for instance in long-term changes due to induction
or repression. A second set of limitations is that MCT does not
address the absolute rnrrgnitlrdes of fluxes and metabolite concentrations, since it only considers small changes in them. In linear
pathways, the predictions of MCT would be correct for larger
changes if the concentration-dependencies of the reaction rates were
to conform to power laws. Savageau (1972,1976; Savageau & Voit,
1982) has developed a Biochemical Systems Theory (BST) based
on the approximation of unidirectional reaction rates by power laws
(see also Crabtree & Newsholme, 1985), such that in the limit of
very small changes the conclusions of this theory are as exact as,
and analogous (though not identical) to, those of MCT. The parameters used in BST are not quite the same as those used in MCT,
which are more directly amenable to manipulation.
Mosaic Non-equilibrium Thermodynamics (MNET) is another
formalism designed to describe the absolute magnitude of fluxes
(Hellingwerf er al., 1982; Westerhoff et al., 1982; Westerhoff & van
Dam, 1987;van Dam et al., 1988). This method, in which the severely
limited proportional and symmetrical flow-force relationships of the
Onsager type of non-equilibrium thermodynamics (Caplan & Essig,
1983) have been replaced by more-generally valid piece-wise-linear
relations between reaction rates and the free energies of reaction,
is also exact for small changes but becomes approximate for larger
ones. MNET,in which parameters such as the activities of enzymes
and the free energy of ATP hydrolysis are explicit, can account
for why the observed efficiencies of microbial growth fall short of
their theoretical maxima (see above).
Stressing that concentrations of pathway substrates may not be
constant, and that changes in their concentrations are not likely to
be small, Newsholme, Crabtree and colleagues (Crabtree & Newsholme, 1985, 1987) prefer to model so-called flux-generating parts
of metabolic pathways. This work has contributed greatly to the
understanding of the possible regulatory roles of apparently futile
cycles. Although an opposite impression may have been generated
(Crabtree & Newsholme, 1987; Kacser & Porteous, 1987), this work
and MCT may be regarded as complementary to each other, once
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it is recognised that the former concentrates on parts of metabolic
pathways that have high flux-control coefficients and can be treated
as if in isolation, an approach also fostered by Kacser (1983, 1988)
and Westerhoff et nl. (1987a, b ) .
There are a number of limitations that MCT shares with all other
approaches. One of these is that it considers a population of cells
to be homogeneous (i.e. an ensemble). Clearly in a growing bacterial
culture there may be substantial metabolic differences between the
individual cells in terms of their response to identical stimuli, for
instance because of differences in their phase of the cell cycle (e.g.
Mitchison, 1971; Donachie eta!. ,1973; Lloyd et al., 1982); our knowledge of the significance of this in biotechnological processes (Koplove & Cooney, 1979) remains woefully poor. Indeed, Skarstad ct
al. (1983) found that even during strictly exponential growth of batch
cultures of E. coli over four decades of concentration (as determined
turbidimetrically) the culture was highly inconstant with respect to
the distribution of cellular DNA content. As is well known, the
expression of particular enzymes in microbial cultures is an extremely
strong function of the exact physiological state of individual cells,
even when the enzyme of interest is cloned onto a high-expression
plasmid vector (Seo & Bailey, 1986), whose loss is itself highly physiological-state-dependent (Caulcott et al., 1987). In fact, the further
development of MCT seems necessary here, since the theory as it
stands does not treat enzyme concentrations as variables.
M A X I M U M THEORETICAL RATES OF
BIOTRANSFORMATIONS

Given the fact that MCT does not of itself consider the nbsolztte
fluxes, even though changes (improvements) are what in general
matter most in biotechnology, it is worth drawing attention to some
of the relevant considerations. (For reasons of space, we do not
here consider the optimal strlictirre of metabolic pathways: Waley,
1964; Heinrich & Holzhiitter, 1985). Even if a fermentation produces
an end product at a concentration of 80 g I-', the volumetric productivity may approximate only some 1pmol (litre cu1ture.s)-l, if this
takes 10 days to accomplish (Suckling, 1984), corresponding to a flux
probably not exceeding 10nmol min-l mg-' protein (Kell & Westerhoff, 19866). The maximum fluxes of primary metabolic pathways,
such as glycolysis in Zynto~?tortas(Rogers et nl., 1980, 1982), are
only some 3 pmol min-I mg-' protein, so that if glycolytic enzymes
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of say 20 kD, the average turnover number is some 1 0 s - l . The
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3, 1988)

theoretical maximum rate for enzymatic turnover depends upon the
chemically achievable values of k,,/K, and the local viscosity (which
latter affects the rate of substrate diffusion), but for the very few
evolutionarily optimised enzymes exceeds 10%-I (Albery &
Knowles, 1976; Fersht, 1985). Notwithstanding the facts that in vivo
evolutionary selection works on pathways, not enzymes (Welch &
Keleti, 1981), and that increased fluxes are necessarily associated
with increased cooling requirements, it is clear that we have a long
way to go before we may state that our fermentations have attained
their maximal, theoretical volumetric productivities. The Metabolic
Control Theory and other rational approaches may assist us in getting
there.

111 other

of cells
mcterial
Ieen the
luli, for
:le (e.g.
ir know:s (Kop~rstadet
of batch
:mined
spect to
wn, the
:tremely
a1 cells,
?ression
hly P ~ Y :further
Iry as it

ACKNOWLEDGEMENTS

DBK thanks the Biotechnology Directorate of the SERC, UK, and
HVW and KvD thank the Netherlands Organisation for Scientific
Research (NWO) under the auspices of The Netherlands Foundation
for Chemical Research (SON), for financial support. We thank Janet
Harris for performing the experiments described in Fig. 8, and Marcel Mulder for those in Fig. 10.
REFERENCES

n bsolfrte

I

general
to some
do not
Waley ,
roduces
roducti, if this
to a flux
Westerthways,
32), are
nzyrnes
-age M,

/
)
!
!

ALBERY,
W. J. dr KNOWLES,
J. R. (1976). Evolution of enzyme function and the
development of catalytic efficiency. Biochemistry, 15,5631-40.
ANDERSEN,
K. B. a VON MEYENBURG,
K. (1980). Are growth rates of Escl~eric!u'a
coli limited by respiration? Jotrrnat of Bacteriology, 144,114-23.
ANDERSON,
S., MARKS,C. B., LAZARUS,
R., MILLER,
J., STAFFORD,
K., SEYMOUR,
J., LIGHT,D., R A S ~ RW., & ESTELL,
D. (1985). Production of 2-keto-Lgulonate, an intermediate in L-ascorbate synthesis, by a genetically modified
Ervinio herbico!o. Science, Washington, 230,144-9.
BEHAL,V. (1986). Enzymes of secondary metabolism in microorganisms. Trendr
in Biochetnical Sciences, 1I, 88-91.
BEPPU,T. (1986). Application of recombinant DNA technology of breeding of
amino acid-producing strains. Progress in Industrial Microbiology, 24,24-35.
BRAND,M. D. dr MURPHY,M. P. (1987). Control of electron flux through the
respiratory chain in mitochondria and cells. Biological Reviews ofthe Cambridge
Philosophical Society, 62,141-93.
BURNS,J. A,, CORNISH-BOWDEN,
A., GROEN,
A. K., HEINRICH,
R., KACSER,
H.,
PORTEOWS,
J. W., RAPOPORT,
S. M., RAWPORT,T. A., STUCKI,
J. W.,TAGER,
J. M., WANDERS,R. J. A. & WESTERHOFF,
H. V. (1985). Control analysis of
metabolic systems. Trends in Biochemical Sciences, 10,16.
BYROM,
D. (1987). Impact of genetics on fermentation technology. Journal of
Applied Bacteriology, 63,21S4S.

Supplied by The British Library - "The world's knowledge"

I

88

D. B. K E L L E T A L .

CALAM,
C. T. (1987). Process Develop~ttentin A ritibiotic Fermentations. Cam bridge:
Cambridge University Press.
S. R. I ESSIG,A. (1983). Bioenergetics and Linear Nonequilibririm TherCAPLAN,
modyr~nmics.Cambridge, Massachusetts: Harvard, University Press.
CAULCOTT,
C. A,, DUNN,A,, ROBERTSON,
H. A,, COOPER,N. S., BROWN,M.
E. & RHODES,P. M. (1987). Investigation of the effect of growth environment
on the stability of low-copy-number plasmids in Eschericltia co!i. Jottrnal of
General Iliicrobiology, 133,1881-9.
CHATER,K . F. dr BRUTON,C. J. (1985). Resistance, regulatory and production
genes for the antibiotic methylenomycin are clustered. The EMBO Journal, 4 ,
1893-7.
CHEN,Y. I WESTERISOFF,
H . V. (1986). How do inhibitors and modifiers of individual enzymes affect steady-state fluxes and concentrations in metabolic systems?
hiatlrematical hIodellitlg, 7,1173-80.
CLARKE,
D. J., MORLEY,
C. D., KELL,D. B. di MORRIS,J. G. (1982). On the
mode of action of the bacteriocin butyricin 7423. Effects on membrane potential
and potassium-ion accumulation in Clostridiltrtt pastercrianunt. European Joltn~al
of Biocltett~istry,127, 105-16.
COONEY,
C. L. (1979). Conversion yields in penicillin production: theory vs. practice. Process Biocltenzistry, 14 (5), 31-3.
B. I NEWSHOLME,
E. A , (1985). A quantitative approach to metabolic
CRABTREE,
control. Cttrrertt Topics in Cellular Regltlation, 25,21-76.
CRABTREE,
B. & NEWSHOLME,
E. A. (1987). A systematic approach to describing
and analysing metabolic control systems. Tretrdr in Biochertlical Sciences, 12,
5-13.
CRUZ,J. B. (1973). System Sensitivity Analysis. Stroudsburg, Pennsylvania: Dowden, Hutchinson & Ross.
DAUCE-LE
REVEREND,
B., BOITEL,M., DESCHAMPS,
A. M., LEBEAULT,
J. M., SANO,
K., TAKINAMI,
K. ~c PATTE,
J. C. (1982). Improvement of Esclrericl~iacoli overproducing lysine using recombinant DNA techniques. Ertropearl Joltrnnl of Applied
Microbiology and Biotecl~nology,15,227-31.
DERR,R. F. (1985). Modern metabolic control theory I. Fundamental theorems.
Bioclterttical Archives, 1,239-47.
DERR,R. F. (1986). Modern metabolic control theory 11. Determination of fluxcontrol coefficients. Bioclrenticnl Archives, 2,3144.
DIXON,N. M., Lovrrr, R. W., KELL,D. B. dr MORRIS,
J. G. (1987). Effects of
pCOz on the growth and metabolism of Closfridirinl sporogelles NCIB 8053 in
defined media. Jozrr~tnlof Applied Bncteriology, 63,171432.
DONACHIE,
W . D., JONES,N. C. & TEATHER,
N. (1973). The bacterial cell cycle.
Syrtlposia of the Society for General Microbiology, 23, S-44.
DOUSSI~RE,
J., LIGETI,E., BRANDOLIN,
G. & VIGNAIS,P. V. (198.4). Control of
oxidative phosphorylation in rat liver mitochondria. The role of the adenine
nucleotide carrier. Biodzintica et Biopltysica Acta, 766,492-500.
DYKHUIZEN,
D. E., DEAN,A. M. 6r HARTL,D. L. (1987). Metabolic flux and
fitness. Genetics, 115,25-31.
FELL,D. A. L SAURO,H. M. (1985). Metabolic control and its analysis. Additional
reIationships between elasticities and control coefficients. Ettropearz Julrrrral of
Biocllenlistry, 148,555-61.
FERSHT,
A. R. (1985). E~tzynleStr~rctlueand hleclranisni, 2nd edn. San Francisco:
Freeman.
FLINT,H. J., PORTEOUS,
D. J. & KACSER,H. (1980). Control of the flux in the
arginine pathway of Nertrospora crnssn. The flux from citrulline to arginine. Bioclrentical Jotrrnal, 190, 1-15.

Supplied by The British Library - "The world's knowledge"
li

CONTROL A N A L Y S I S O F MICROBIAL G R O W T H

89

Cambridge:

FLINT,H.J., TATESON,
R. W., BARTHELMESS,
I. B., PORTEOUS,
D. I., DONAC~IIE,
W. D. a KACSER,H. (1981). Control of the flux in the arginine pathway of
Nelrrospora crassa. hlodulations of enzyme activity and concentration. Biocl~enlical Jolrrnal, 200,23 1-46.
GELLERICH,
F. N., BOHNENSACK,
R. & KUNZ,W. (1983). Control of rnitochondrial
respiration. The contribution of the adenine nucleotide translocator depends on
the ATP- and ADP-consuming enzymes. Biocllitnica et Biopllysicn Acta, 722,

I production
Jorcrnal, 4,

GROEN,
A. K., WANDERS,
R. J. A:, WESTERHOFF,
H. V., VAN DER MEER,R. &
TAGER,
J. M. (1982~).Quantificat~onof the contribution of various steps to the
control of mitochondrial respiration.Jotrrnalof Biological Cltemktry, 257,2754-7.
GROEN,A. K., VAN DER MEER,R., WESTERHOE,
H. V., WANDERS,
R. J. A,,
AKERBOOM,
T. P. M. & TAGER,
J. M. (1982b). Control of metabolic fluxes. In
Metabolic Conlpartrnentation, ed. H. Sies, pp. 9-37. New York: Academic Press.
GROEN,A. K., VAN ROERMUND,
C. W. T., VERVOORN,
R. C. & TAGER,J. M.
(1986). Control of gluconeogenesis in rat Iiver cells. Flux controI coefficients
of the enzymes in the glucogenicpathway in the absence and presence of glucagon.
European Jounzal of Biocliet~tisrry,237,379-89.
HARVEY,
R. J. & KOCH,A. L. (1980). HOWpartially inhibitory concentrations
of chloramphenicol affect the growth of Escliericlzia coli. A~ztir~zicrobial
Agena
and Cir emotlt erapy, 18,323-37.
HEINSCH,J, (1986). IsoIation and characterization of the two structural genes coding
for phosphofructokinase in yeast. hfolecrtlar and General Genetics, 202,7582.
HEINRICH,
R. & HOLZHUTTER,
H.-G. (1985). Efficiency and design of simple metabolic systems. Bionredica et Biochimica Acm, 44,959-69.
HEINRICH,
R. & RAPOPORT,
T. A. (1973). Linear theory of enzymatic chains: its
application for the analysis of the crossover theorem and of the glycolysis of
human erythrocytes. Acta Biologics et Medica Gernranica, 31,479-93.
HEINRICH,
R. a RAPOPORT,
T. A. (1974). A linear steady-state treatment of enzymatic chains. General properties, control and effector strength. Ertrcpean Journal
of Biocl~et?zistry,42,89-95.
HEINRICH,
R., RAPOPORT,
S. M. B RAPOPORT,
T. A. (1977). Metabolic regulation
Molec~tlarBiology, 32,142.
and mathematical models. Progressin Biopl~ysicrnt~d
HELLINGWERF,
K. J., LOLKEMA,
J. S., OTTO,R., NEUSSEL,0. M., STOUTHAMER,
A. H., HARDER,
W., VAN DAM,K. & WESTERHOR,
H. V. (1982). Energetics
of microbiaI growth: an analysisof the relationship between growth and its mechanistic basic by mosaic non-equilibrium thermodynamics. Federation of European
Microbiology Societies Microbiology Lerrers, IS,7-1 7.
HESS, B. a BOITEUX,
A. (1971). Oscillatory phenomena in biochemistry. Annual
Review of Biochemistry, 40,237-58.
HIGGINS,
3. (1965). Dynamics and control in cellular reactions. In Control of Energy
Metabolirnt, ed. B. Chance, R. Estabrook & J. R. Williamson, pp. 1346. New
York: Academic Press.
HOFMEYR,
J. H. S. (1986). Steady-state modelling of metabolic pathways: a guide
for the prospective simulator. Computer Applications in the Biosciettces, 2 , 5 1 1 .
HOFMEYR,
J. Ei. S., KACSER,
H.& VAN DER MERWE,
K. J. (1986). Metabolic control
analysis of moiety-conserved cycles. European Journal of Biochemistry, 155,63141.
KACSER,
H. (1983). The control of enzyme systems itz vivo: elasticity analysis of
the steady state. Bioclranical Society Tramactions, 11,35-40.
GCSER,
H. (1987). Control of metabolism. In The Biochentirtry of Plants, ed.
D. D. Davies, Vol 11, 'The Biochemistry of Metabolism', pp. 39-67. London:
Academic Press.

381-91.

:rs of indivi)lit systems?
82). On the
me potential
Pean Jottrrlal
3ry VS.

prac-

to metabolic
o describing
iciences, 12,
vania: Dow-

J. hl., SANO,
:oli overprorl of Applied

11 theorems.
tion of flux). Effects of

CIB 8053 in
i I cell cycle.

. Control of

the adenine

~licflux and

. Additional
11 Jotrnlal

of

n Francisco:
:flux in the

rginine. Bio-

90

D. B. K E L L E T A L .

KACSER,
H. (1988). Regulation and control of metabolic pathways. In Pl~ysiological
Models in Microbiology, Vol 1, ed. M. J. Bazin & J. I. Prosser, pp. 1-23. Boca
Raton, Florida: CRC Press.
KAC~ER,
H. ~r BURNS,J. A. (1973). The control o fflux. In Rate Control of Biological
Processes, ed. D. D . Davies. Symposifrm of the Society for Experimental Biology,
27,65-104, Cambridge: Cambridge University Press.
KACSER,H. dr BURNS,
J. A. (1979). Molecular democracy: who shares the controls?
Biochemical Society Transactions, 7 , 1149-60.
H. d: BURNS,J. A. (1981). The molecular basis of dominance. Genetics,
KACSER,
97,639-66.
KACSER,H . 8 PORTEOUS,
J. W. (1987). Control of metabolism: what d o we have
to measure? Trendr in Biochemical Sciences, 12,514.
KACSER,H. (1987). Dominance, pleiotropy and metabolic
KEIGHTLEY,
P. D.
structure. Genetics, 117,319-29.
K E L ~T., VERTESSY,
B. (1986). Kinetic power and theory of control. In Dynamics of Biochenlical Systetm, ed. S . Damjanovich, T. Keleti & L. Trbn, pp.
3-10. Amsterdam: Elsevier.
KELL,D. B. (1987). Forces, fluxes and the controI of microbial growth and metabolism. The twelfth Fleming lecture. Joitrtial of General Alicrobiology, 133, 165165.
KELL,D. B. ~r WESTERIIOFF,
H. V. (1985). Catalytic facilitation and membrane
bioenergetics. In Organized h.lulriettzyt?~eSystems: Catalytic Properties, ed. G .
R. Welch, pp. 63-139. New York: Academic Press.
KELL, D. B. ~r WESTERHOFF,
H. V. (1986~).Metabolic control theory: its role
in microbiology and biotechnology. Federntion of Eltropenrr Alicrobiology Societies Microbiology Reviews, 39,305-20.
KELL,D . B. & WESTERHOFF,
H. V. (1986b). Towards a rational approach to the
optimisation of flux in microbial biotransformations. T r e n h in Biotechnology,
4,137-42.
K ~ P ~ F.
s , (1986). The cell cycle of Esclrerichia coli and some of its regulatory
systems. Federation of European Microbiology Societies Microbiology Reviews,
32,225-46.
KISUMI,M. (1986). Application of intracellular genetic recombination to strain
construction. Progress in Ittii~utrinlMicrobiology, 24,14-23.
KOCH,A. L. (1985). The macroeconomics of bacterial growth. In Bacteria in tlreir
Natlrral Environn~ents,ed. M. M . Fletcher & G. Floodgate, pp. 1-42. London:
Academic Press.
KOPLOVE,
H. M. & COONEY,
C. L. (1979). Enzyme production during transient
growth. Advances in Bioclremicnl Engineering, 12,140.
LLOYD,D., POOLE,R. K. & EDWARDS,
S. W. (1982). The Cell Division Cycle.
London: Academic Press.
MALPARTIDA,
F. & HOPWOOD,
D. A. (1984). Molecular cloning of the whole biosynthetic pathway of a Sfreptonyces antibiotic and its expression in a heterologous
host. Narrtre, London, 309,4624.
MAZAT,J . P., JEAN-BART,
E., RIGOULET,
M. & GUERIN,B. (1986). Control of
oxidative phosphorylation in yeast mitochondria. Role of the phosphate carrier.
Bioclti~tzicaet Bioplzysica Acfo, 849,7-15.
MEERS,J. L. de MILSOM,P. E. (1987). Organic aids and amino acids. In Bnsic
Biotechnology, ed. J . Bu'lock & B. Kristiansen, pp. 359-83. London: Academic
Press.
MEISKE,W. & REICH,3. G. (1987). Mathematical description of the control of
steady states in metabolic systems, Syster?ts Analysis, Alodelling and Sit~l~tlntion,
4,423-35.

Supplied by The British Library - "The world's knowledge"

CONTROL ANALYSIS OF hfICROBIAL GROWTH

MIDDLETON, R. J. & KACSER,H. (1983). Enzyme variation, metabolic flux and
fitness. Alcohol dehydrogenase in Drosopllih ntelanogarer. Getletics, 105, 63350.
Mitchison J. (1971). The Biology ofthe Cell Cycle. Cambridge: Cambridge University Press.
MIYAGAWA,
K., KIMURA,
H., NAKAI~AMA,
K., KIKUCHI,
M., DOI,
M., AKNAMA,
S. ~r NAKAO,Y. (1986). Cloning of the Bacilllis s~rbtilisIMP dehydrogenase
gene and its application to increased production of guanosine. Bio/Tecltnology,
4,225-8.
MORRIS,
J. G. (1986). Anaerobic metabolism of gIucose. In Contprehensive Biotechnoiogy, ed. M . Moo-Young, pp. 357-78. Oxford: Pergamon Press.
MULDER,
M. M. (1988). Energetic aspects of bacterial growth: a mosaic non-equilibrium thermodynamic approach. PhD thesis, University of Amsterdam. Utrecht:
Drukkerij Elinkwijk.
MULDER,
M. M., TEIXEIRA
D E MAT~OS,
M. J., POSTBIA,P. W. ~r VAN DAM,K.
(1986). Energetic consequences of multiple potassium uptake systems in Escitericltia coli. Biocltinlica et Biopltysica A cta, 851,223-8.
MULDER,M. M., VAN DER GULDEN,H. M. L.? POST~IA,
P. W. dr VAN DAM,K.
(1988). Energetic consequences of two rnutat~onsin Eschericltia coli potassium
uptake systems for growth under potassium-limited chemostat conditions. Bioclzitrtica et Biopl~ysicaActa, 933,659.
NIMMO,
H. G.
COHEN,P. T. W. (1987). Applications of recombinant DNA
technology to studies of metabolic regulation. Biocliet~iicalJoiirtiul,247.1-13.
PORTEOUS,
J. W. (1985). Enzyme-catalysed fluxes in metabolicsystems. Why control
of such fluxes is shared among all components of the system. In Circulation,
Respiration and Il.!etabolism, ed. R . Gilles, pp. 263-77. Heidelberg: SpringerVerlag.
I ~ P O P O RT.
T ,A*, HEINRICH,
R. dr RAPOPORT,
S. M. (1976). The regulation principles of glycolysis in erythrocytes in vivo and in vitro. Bioctietnicul Jortrnal, 154,

'ltysiologicaI
. 1-23. Boca
Riologicai
Ira1 Biology,

9f

he controls?
:e. Genetics,
do we have
d metabolic
31.

In Dyrta-

.. Trbn, pp.

I membrane
rties, ed. G.
Dry: its role
blogy Socieroach to the
~tecl~nology,
s regulatory
lgy Reviews,

449-69.

on to strain

teria iri their
12. London:
ng transient

,biota Cycle.
hole biosyn~eterologous
Control of
hate carrier.
3s. In Bmic
1: Academic
e control of

Sint rrlation,

91

:

RAY, W. J., JR. (1983). Rate-limiting step: a quantitative definition. Application
to steady-state enzymic reactions. Bioclternistry, 22,4625-37.
RIGOULM,M . , AVERET,N., MAZAT,J.-P., GUERIN,B. & COHADON,
F. (1988).
Redistribution of the flux-control coefficients in mitochondria1 oxidative phosphyorylation in the course of brain edema. Bioclrirnica et Bioplzysica Acta, 932,
116-23.
ROGERS,
P. L., LEE, K. J. & TRIBE,D. E. (1980). High productivity ethanol fermentations with Zyrtiontonas mobilis. Process Biocl~eniistry,IS (6), 7-1 1.
ROGERS,P. L., LEE,K. J., SKOTNICKI,
M . L. & TRIBE,
D. E. (1982). Ethanol
production by Zytnorr~o?zasmobilis. Advances irz Biocltetnical Ettgirteeririg, 23,
37-84.
SALTER,
M., KNOWLES,R. G. dr POGSON,
C. I. (1986). Quantification of the importance of individual steps in the control of aromatic amino acid metabolism. BiocheniicaiJo~crnal,234,63547.
SANO,K . , ITO, K., MIWA,
K. dr NAKAMORI,
S. (1987). Amplification of the phosphoen01 pyruvate carboxylase gene of Brevibacteriunt lactofermentrtnl to improve
amino acid production. Agricultural and Biological Clzertlirtry, 51,597-9.
SAURO,H . M., SMALL,J. R. br FELL,D. A. (1987). Metabolic control and its
analysis. Extensions to the theory and matrix method. E~rropearlJottrrrai of Biochetnistry, 165,215-21.
SAYAGEAU,
M. A. (1972). The behaviour of intact biochemical control systems.
Ctrrrertt Topics in CeNlilar Regulation, 6,6>130.

Supplied by The British Library - "The world's knowledge"

92

D. B. K E L L ET A L .

SAVAGEAU,
M. A. (1976). Biochet~ticalSysrerrrr Analysis: a Sfttdy of F~tnctiotzatrd
Desigtt irt Afolec~rlarBiology. Reading, Massachusetts: Addison-Wesley.
Savageau, M.A. & Voit, E. 0. (1982). Power-law approach to modelling biological
systems. I. Theory. Joirrnal of Fertnenmtiort Teclr~rology,60,2214.
SCHWARTZ,
J. (1986). Einsteitl for Beginners. London: Unwin Paperbacks, p. 65.
SEO,J. & BAILEY,
J. E. (1986). Continuous culture of recombinant Eschericltin
coli: existence of an optimum dilution rate for maximum plasmid and gene product
nnd Bioetlgirteerirlg, 28,1590-4.
concentration. Biotecl~t~ology
SKARSTAD,
K., STEEN,H. B. a BOYE,E. (1983). Cell cycle parameters of slowly
growing Escherichin coli B/r studied by flow cytometry. Jotrntal of Bacteriology,
154,65662.
SORRIBAS,
A. & BARTRONS,
R. (1986). Theoretical analysis of the flux control properties of a substrate cycle. Etrropean Journal of Biochet?tistry,158,107-15.
SRERE,
P. A. (1987). Complexes of sequential metabolic enzymes. Atvlual Revierv
of Bioclterrtisfry, 56,2 1-56.
D. K. & BERNHARD,
S , A. (1987). Biophysical chemistry of metabolic
SRIVASTAVA,
reaction sequences in concentrated enzyme solution and in the cell. Annual
Review of Biopllysics and Biopltysicnl Cltenristry, 16, 175-204.
STANZAIC,
R., MATSUSIIIMA,
P., BALTZ,R. H. & RAO,R. N. (1986). Cloning and
expression in Streptotnyces livichns of clustered erythromycin biosynthesis genes
from Streptonzyces erytl~rcla.Bio/tecl~nology,4,229-32.
STELLWAG,
E. J. ti BRENCIILEY,
J. E. (1986). Genetic engineering of microorganisms
for biotechnology. Microbial Ecology, 12,3-13.
STUART,
F., PORTEOUS,
D. J., FLINT,H. J. gr KACSER,
H. (1986). Control of the
flux in the arginine pathway of Netrrospora crassn. Effects of coordinate changes
of enzyme concentration. J o ~ r n ~ofa lGerzeral Aficrobiology, 132,1159-66.
STUCKI,
J. W. (1983). Flux response coefficients of linear energy converters. Biopltysic01 Clzetnhtry, 18, 111-15.
SUCKLING,
C. J. (ed.) (1984). Enzyme Clte~rtistry:I~rtpuc!and Applicatiorts. London:
Chapman & Hal!.
TORRES,
N. V., MATEO,F., MEL~NDEZ-HEVIA,
E. & KACSER,
H. (1986). Kinetics
of metabolic pathways. A system irt vitro to study the control of flux. Biochettiical
Jourrtnl, 234,169-74.
TSUCHIDA,
T. B MOMOSE,
H. (1986). Improvement of an L-leucine-producing
mutant of Brevibacrerirrtrl Iactofertnettttu~t2256 by genetically desensitizing it to
a-acetohydroxy synthetase [formation]. Applied artd Environntental Microbiology, 51,1024-7.
VAN DAM,K., MULDER,
M. M., TEIXEIRA
DE MATTOS,
M. J. ~t WESTERHOE,
H.
V. (1988). A thermodynamic view of bacterial growth. In Pl~ysiologicalModels
in Microbiology, eds. M. J. I3azin & J. I. Prosscr, pp. 25-48. Boca Raton, Florida:
CRC Press.
S. G. (1963). A note on the kinetics of multi-enzyme systems. Biochetnical
WALEY,
Jottrtral, 91,514-17.
WALSH,K. & KOSHLAND,
D. E., JR. (1985). Characterization of rate-controlling
steps in vivo by use of an adjustable expression vector. Proceeditlgs of the Narional
Acadetny of Science of the United Stares of Ar~terica,82,3577-81.
WALTER,
R. P., MORRIS,J. G. dr KELL,D. B. (1987). The roles of osmotic stress
and water activity in the inhibition of the growth, glycolysis and glucose phosphotransferase system of Clos~ridirrtr~pasre~trianu~~z.
Joirrnalof General Microbiology,
133,259-66.
WANDERS,
R. J. A., GROEN,
A. K., VAN ROERLIUND,
C. W. T. 19 TAGER,
J. M.
(1984~).Factors determining the relative contribution of the adenine nucleotide
translocator and the ADP-regenerating system to the control of oxidative phos-

Supplied by The British Library - "The world's knowledge"

CONTROL A N A L Y S I S O F hflCROBIAL G R O W T H

93

Y

rrnctiort atrd
ey.
g biological
:s, p. 65.
Esclterichia
ene product

rs of slowly
acteriology,
trol proper15.
t lral Review

~f metabolic
ell. At~ntral
Zloning and
thesis genes

ntrol of the
ate changes
-66.
:rs. Bioplty9s.

London:

6). Kinetics
Biochet~zical
e-producing
sitizing it to
'1 hficrobioI'ERtIOFF,

H.

:ical Models
on, Florida:

motic stress
se phospho;crob iology,
LGER.

J. M.

phorylation in isolated rat-liver mitochondria. European Jotcrttal ofBiochenrbrry,
142,417-24.
wanders, R. J. A., van Roermund, C. W. T. & Meijer, A. I. (1984b). Analysis
of the control of citrulline synthesis in isolated rat-liver mitochondria. Ertropean
journal of Biocltenrbtry, 142,247-54.
WELCH,G . R. dr CLEGG,J. S. (1986). (eds) Tlze Organisation of Cell hletabolisnt.
New York: Plenum Press.
WELCH,G. R. & KELETI,T. (1981). On the 'cytosociology' of enzyme action itz
vivo: a novel thermodynamic correlate of biological evolution. Jolirr~alof Theoretical Biology, 93,701-35.
WELCH,G. R., KELETI,T. VERTESSY,
B. (1988). The control of cell metabolism
for homogeneous vs. heterogeneous enzyme systems. Jolrrrtaf of Tlreoretical Biology, 130,407-22.
WESTERHOW,
H. V. (1983). Aluxaic non-equilibrirrtnihern~odyna,,ricsand tile cotttrol
of biological free-energy trarzsditctiott. PhD thesis, University of Amsterdam.
WESTERIIOFF,
H. V., HELLINGWERF,
K. J. & VAN DAM,K. (1983). EUiciency of
microbial growth is low, but optimal for maximum growth rate. Proceedittgs
of tlre hrafiottalAcadettty of Sciences oftlre United Stares of America, 80,305-9.
WESTERHOFF,
H . V. & ARENTS,J. C. (1984). Two (completely) rate-limiting steps
in one metabolic pathway? The resolution of a paradox using bacteriorhodopsin
liposomes and control theory. Biosciertce Reports, 4,23-3 1.
WESTERHOFF,
H. V. & CHEN,Y. (1984). How do enzyme activities control metabolite concentration? An additional theorem in the theory of metabolic control.
European Jour~talof Biocliemisfry, 142,425-30.
WESTERHOFF,
H . V., LOLKEIIA,J. S., 0 1 ~ 0R.
, & HELLINGWERF,
K. J. (1982).
Thermodynamics of growth. Non-equilibrium thermodynamics of bacterial
growth. The phenomenological and the mosaic approach. Biocllitrtica et Biophysics Acta, 683,181-220.
WESTERHO~,
H . V., GROEN,A. K. & WANDERS,
R. J. A. (1984). Modern theories
of metabolic control and their applications. Bioscience Reports, 4,l-22.
WESTERHOFF,
H . V. & KELL,D. B. (1987). Matrix method for determining the
steps most rate-limiting to metabolic fluxesin biotechnological processes. Biotechnology and Bioengineering, 30, 101-7.
WESTERHOFF,
H. V. a KELL,D. B. (1988). A control theoretic analysis of inhibitor
titration assays of metabolic channelling. Cor?rmenrr in Molecrtlar and Cell~rlar
Biophysics, 5,57-107.
WESTERHOFF,
H . V., PLOMP,P. J. A. M., GROEN,A. K., WANDERS,
R. J. A.,
BODE,J. A. & VAN DAM,K. (1987a). On the origin of the limited control of
mitochondria1 respiration by the adenine nucleotide translocator. Atcltives of
Biochentistry ortd Biophysics, 257,154-69.
WESTERHOFF,
H . V., PLOMP,P. J. A. M., GROEN,A. K. & WANDERS,
R. J. A.
(19876). Thermodynamics of the control of metabolism. Cell Bioplzysics, 10,
239-67.
WESTERHOFF,
H. V. & VAN DAM,K. (1987). Ttlennodyrlatr~icsand Control of Biological Free-energy Transdtcctiotr.Ams t erdam: Elsevier.
WINDASS,
J. D., WORSEY,
M. J., PIOLI,E. M., PIOLI,
D., BARTH,P. T., ATHERTON,
K. T., DART,E. C., BYROM,D., POWELL,
K. & SENIOR,
P. J. (1980). Improved
conversion of methanol to single-cell protein by Metl~ylophiltuntet11ylotroph~t.r.
Naticre, London, 287,396-401.
WOODROW,
I . E. (1986). Control of the rate of photosynthetic carbon dioxide fixation. Biocltimica et Biopltysica Acta, 851,181-92.

! nucleotide

lative phos-

Supplied by The British Library - "The world's knowledge"

