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Abstract

Practical application of metabolic control analysis has been facilitated by use of the top-down approach, which divides a
metabolic system into a small number of reaction blocks, linked by a few key intermediates. Previous papers have stressed
that communication between blocks should be only through the explicit intermediates, ‘cross-talk’ between reaction blocks
invalidated the approach. Here we show how the restriction is a result of the use of inhibitors of the blocks, and can be
overcome if other system modulations are used. We also show a way to treat the related problem of enzymes that appear in
more than one block such as the analysis of glycolytic substrate cycles into ATP consuming and net flux activities. © 1998

Elsevier Science B.V. All rights reserved.

Keywords: Top-down; Metabolic control analysis; Elasticity; Control coefficient

1. Introduction

Metabolic control analysis [1-3] can give a full
system description of the control and regulation of
a metabolic system. An analysis can be performed
knowing only the stoichiometries and fluxes of the
system reactions and their kinetic responses (in the
form of elasticities) to the metabolites. The mathe-
matical equations that relate the elasticities and
fluxes to the control coefficients have been solved
for systems of any complexity [4].

Experimentally, determination of the elasticity of
each catalyst to each system intermediate can repre-
sent a considerable hurdle to the application of con-
trol analysis. One method of elasticity determination
is the multiple modulation approach [1,5,6], which
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uses modulations (such as inhibitions) at various sites
of the system in order to arrive at the elasticities.
However, the number of variables that must be
measured rises exponentially with the complexity of
the system. Simplification is possible by considering
blocks of reactions, rather than individual processes.
This method of simplifying systems has been termed
the top-down [7-9] or modular approach [10].

In previous analyses of systems by top-down con-
trol analysis there was a fundamental rule that
needed to be satisfied for the method to be valid:
no metabolic block may influence another except
via an explicit intermediate [8,9]. Each intermediate
that was measured had to be a unique function of the
full set of linking intermediates between blocks. For
example, if a metabolite internal to one block of
reactions was an allosteric effector of a process in
another block then the analysis was invalid if the
experimental modulation used altered the unique re-
lationship between the explicit and internal inter-
mediates. Only if the grouping of the system was
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altered and the ‘cross-talking’ metabolite was meas-
ured could a study be performed [11].

In this paper we consider systems that are sub-
divided in a way that includes such ‘cross-talking’
metabolites. We show that if the system modulations
used in the elasticity determinations do not alter the
kinetics of the cross-talking blocks then the control
pattern of the system can be solved. The related
problem of systems divided into blocks that share
common enzymes is analysed with particular refer-
ence to substrate cycling within glycolysis.

2. Background theory

Central to metabolic control analysis are elastic-
ities and control coefficients [1-3]. The elasticity is
defined as the fractional change in a process (typi-
cally the reaction catalysed by an enzyme), i, for a
given fractional change in an effector, x:

i _dix
Sx - dx v; (1)

where v; is the activity of i, and all other effectors are
held constant. The effector could be a substrate,
product or allosteric activator or inhibitor of the
process. The elasticity describes the local kinetics of
the process with respect to effector level.

A process, i, can exert control over a system var-
iable, a. The strength of control is given by the con-
trol coefficient, defined by:

da v;
ce =11
Y odvia

Where « is a system flux the coefficient is termed a
flux control coefficient; where a is a metabolite level
the coefficient is termed a concentration control co-
efficient. As the control pattern of the system as a
whole is dependent on the individual kinetics of its
constituent reactions, then the control coefficients are
related to the elasticities by rigorous mathematical
relationships [4].

Top-down metabolic control analysis is not con-
cerned with individual enzymes [7-9], but rather with
the control and regulation of groups or blocks of
reactions. The advantage of grouping reactions of a
complex system into blocks is that the number of
elasticities that must be experimentally determined

is reduced. Only the block elasticities to a small num-
ber of linking metabolites need be measured.

The elasticity of a reaction block activity to a link-
ing metabolite, x, is related to the elasticities and
control pattern within the block according to the
following equation [9,12]:

block , i
e (2)
all i in block

block __
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where the control over a block by its component
processes, i, is given by:

a
Cl_)lock — Ci
i

a

block
(where a is any variable, e.g. the flux through the
block).

Previous use of top-down control analysis has
been limited to systems in which blocks were only
allowed to communicate via explicit linking inter-
mediates [8,9,11]. Where a non-explicit intermediate
contained within a second block of reactions has
effects on the enzymes of a given block then Eq. 2
no longer holds because x will have extra, non-quan-
tified, interactions with the block through the non-
explicit intermediate. However, where such ‘cross-
talk’ arises between blocks it is still possible to meas-
ure the elasticities of the blocks to the explicit inter-
mediates, and thus arrive at the control pattern of
the system.

3. Results
3.1. A simple system with feedback inhibition

Consider the system shown in Fig. la. This has
two metabolites, x and y linked by three reactions
catalysed by the enzymes EI, E2 and E3. In addition
there is an allosteric inhibition of EI by y. There are
two possible ways that a top-down analysis could
group this system, either around y (Fig. 1b) or
around x (Fig. 1c). A conventional approach would
state that the grouping around x is invalid due to
‘cross-talk” by y between the metabolic blocks.

This view is correct only when inhibitions are used
to modulate the system. The experimental method of
determining the elasticities of the blocks to the inter-
mediates often involves inhibiting one block (any-
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where in the block) and measuring the response of
the other blocks to the change in the levels of the
linking intermediates [8,9].

If we consider the grouping around x (Fig. 1c)
then the classic method of determining the elasticity
to x of the block containing EI (block 1) would be
an inhibition of the other group of reactions (i.e.
inhibition of E2 or E3). A problem arises because
inhibition of E2 would tend to lower y, whereas in-
hibition of E3 would tend to raise y. The effect on
the activity of block 1 would be different depending
on the inhibitor of the other block that was used. In
neither case would the calculated elasticity of block 1
reflect the kinetics of the reaction purely to a change
in x. What is needed for the analysis to work is a
means of altering x without altering the kinetics of
either block. One way in which to do this is the
introduction of a branch feeding in or out at x.

Eq. 2 holds when there is no cross-talk between
blocks. However an additional relationship is needed
to describe the derivation of the elasticity when
‘cross-talk’ is taking place between the blocks. If
we concentrate on the case in Fig. 1c then when we
group around x the appropriate elasticity of block 1

(a)
Substrate E1 > X E2 >y E3 > Product
T |
(b)
Substrate El X E2 y = Product
T ]
block 1 block 2
(c)
Substrate e > X £2 y = Product
e |
Lblock 1| block 2

Fig. 1. Different ways of grouping a simple system. (a) The
simple system containing feedback inhibition. (b) Top-down
grouping around intermediate y. (¢) Top-down grouping around
intermediate x. In this simple three-reaction system there is a
feedback inhibition on EI by y. The system may be grouped
around either intermediate, as in (b) and (c). The grouping in
(b) has a non-explicit intermediate within block 1 that does not
interact with any reaction outside block 1; this grouping is al-
lowed in conventional top-down analysis. The grouping shown
in (c) contains cross-talk between an internal intermediate of
one block (y) and another block; this grouping is forbidden in
a conventional top-down analysis.

must take into account not only the elasticity of El/
to x but also the elasticity of EI to y.

The fractional change in y for a fractional change
in x due to the introduction of the branch is approxi-
mated by:

dy
dy I
hCAPON P i 3
i G)
X

The fractional change in the activity of block 1 upon
modulation by the branch is given by:

dvgg dvg;
valocklz e | X | ve | O (4)
Vblock1 dx X dy Y

X y

where vy 1 and vg; are the activities of block 1 and
enzyme El, respectively.

From the definition of elasticities, Eq. 2, combined
with Eqgs. 3 and 4 gives:

4

= (5)
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From this point on we change our view of x. In-
stead of being a single intermediate it now becomes a
representative of all the intermediates of the system
that are a unique function of the concentration of x.
This is a common ploy in top-down control analysis,
for example when mitochondrial membrane potential
is used as a representative for proton motive force
[13,14).

Eq. 5 is a special case in that the block contains
only one enzyme. In the general case each interaction
on enzymes within a block must be scaled by the
control that enzyme has over block activity:

dx,
X,
ei;lock — C%lock. 8€ + SE' dc (6)
all E in block all x,
Xe

where x, is an explicit intermediate and x. are the
‘cross-talking’ intermediates to the block. Note that
if their are no ‘cross-talking’ intermediates, then Eq.
6 reduces to Eq. 2.

For the grouping shown in Fig. 1c, when a branch
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is used to modulate the level of x it will also result in
a modulation of the level of y. The new level of y is a
function of the level of x, defined by the kinetics of
the enzymes E2 and E3. The level of inhibition of El
by y will thus be a function of the level of x. The
function is represented in Eq. 5 as the fractional
change in y for a fractional change in x scaled for
the elasticity of EI to y.

The measured strength of the response of a block
to the explicit intermediate will take into account the
regulatory loop acting via the cross-talking inter-
mediate. Consequently, the elasticity is a true repre-
sentation of the response of a block to a change in
the level of the explicit intermediate and the other
intermediates it uniquely represents, and as such
can be used in the determination control coefficients.
However, the measured elasticity will not have the
same value as the conventional elasticity to x alone.
(The situation is similar to using a singular function
of the elements of a moiety conserved cycle as a
theoretical link between two processes [14].)

Inhibition of a block results in altered kinetics of
that block. As such the response of the internal in-
termediates of an inhibited block to the explicit in-
termediates will differ from the response in the refer-
ence state. Where an internal intermediate cross-talks
to another block the inhibitor will alter the response
of the cross-talking intermediate to the explicit inter-
mediates, and will alter the strength of the cross-talk
interaction so that y is no longer the same unique
function of x as in the reference state. Consequently,
inhibitors of blocks that contain cross-talking inter-
mediates cannot be used to determine the elasticities
of the target blocks. For example, in Fig. 1c inhib-
ition of either enzyme E2 or E3 cannot be used to
determine of the elasticities of block 1, since the in-
hibition alters the unique relationship between y and
x. Hence, the fractional change in activity in block 1
divided by the fractional change in x does not give a
value of for the elasticity that represents the kinetics
of the system in the reference state.

3.2. Analysis of blocks which share common elements

A related problem concerns the division of a sys-
tem so that a single enzyme pool appears in more
than one block. Consider the system in Fig. 2. There
are two pathways that produce a common product

(a)
| 2J1 . E3
zZ ———
> J2 E5
E2
(b) block 1 block 3
> J1 . . R
E " E3 E5
> 2 . .
E2 | y E4 £ E5 g
block 2 block 4

Fig. 2. Division of a system with a reaction shared between
two blocks. (a) The simple system containing two branches con-
verging on a single intermediate (z) followed by a common
pathway. (b) Top-down grouping with z and E5 appearing in
both block 3 and block 4.

which is then consumed. A biological example of
such a system is the oxidation of reducing equiva-
lents from NADH-linked and FADH-linked sub-
strates by the mitochondrial respiratory chain. EI
and E2 would be NADH and FADH reducing reac-
tions, the intermediates x and y would be the
NADH/NAD and FADH/FAD redox potentials.
The electrons from both sources converge on the
quinone pool (intermediate z), and then are used to
reduce oxygen by complexes III and IV of the respi-
ratory chain (EY).

Fig. 2a shows a pathway that has an intermediate,
z, formed by two independent pathways, and con-
sumed by a single reaction. This pathway is divided
into four blocks in Fig. 2b with z and E5 internal to
both block 3 and block 4. The flux through E7 is
termed JI and the flux through E2 is termed J2.

The reaction catalysed by E5 can be divided into
the part that catalyses the removal of z formed via x
and the remainder that catalyses the removal of z
formed via y. As z appears in both block 3 and block
4 and has not been made an explicit intermediate
there will be cross-talk between the two pools of ES.

The kinetics of block 3 and block 4 are linked by
the level of z and by the activity of E5. If an inhibitor
of E3 were added, then this would change the level of
z, and consequently alter the kinetics of block 4.
Thus, the cross-talk means that any modulation of
E3 would also be a modulation of both block 3 and
of block 4. Similarly, inhibition of E4 would also be
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a modulation of both blocks. Consequently, in deter-
mining elasticities of either of these blocks to x the
kinetics of E3, E4 and E5 must not be altered. In the
example of mitochondrial oxidation, the redox state
of the quinone pool is equivalent to the intermediate
z, and block 3 and block 4 may represent NADH
and FADH oxidation. In this case, inhibition of
complex I (E3) would affect the kinetics of both of
block 3 and block 4 and cannot be used in the deter-
mination of either of their elasticities to the redox
state of the quinone pool.

If there are no allosteric effects in the system of
Fig. 2a then using the classic top-down approach we
would expect that there is no elasticity of block 4 to
x, or of block 3 to y in Fig. 2b. As shown above this
would be incorrect due to presence of cross-talk of z
and E5 between block 3 and block 4. If a change is
made to the system to increase the level of intermedi-
ate x (by increasing the activity of E/) then there
should be an increase in the rate of the reaction
catalysed by E3 and a resulting increase in the level
of z. This change in the level of z will affect block 4.
There will usually be a product inhibition of E4, and
a decrease in the flux, J2, through block 4. This
would appear as a negative elasticity of block 4 to
x because the elasticity to x represents the direct
effects x has on the block and the unique effects x
has through y. Similarly, a negative elasticity of
block 3 to y would be seen. The origin of these elas-
ticities lies in the cross-talk that is happening through
z. The size of the elasticities is given by Eq. 6.

In the case of mitochondrial respiration, grouped
as in Fig. 2b, it is expected that FADH oxidation
will have a negative elasticity to NADH/NAD and
NADH oxidation will have a negative elasticity to
FADH/FAD. This does not indicate that there are
any allosteric effects occurring in either direction, but
is a consequence of the way the system is divided.

Note the control exerted by E5 will be split be-
tween the block 3 and block 4 according to the
flux that goes each block. Consequently:

a a JI a
biocks = Cpz + m‘cﬁ

J2
biocks = Cg + m‘C‘fm

where a is any system variable.

3.3. Analysis of glycolytic ATP production and
consumption in the presence of substrate cycling

The conceptual division of the system outlined in
Fig. 2 is performed according to the flux through the
system rather than to any physical division. A second
example where this sort of division can be experi-
mentally advantageous is the presence of ATP-driven
substrate cycles within glycolysis or other pathways.

Consider a system of glycolytic ATP production
and subsequent ATP consumption by the cell.
Ideally, the division would have two reaction blocks,
ATP production from glycolysis, and ATP consump-
tion by various processes within the cell. The two
blocks would be connected by the intermediate ATP.

The rate at which substrate cycles take place with-
in glycolysis in vivo is difficult to measure. Hence,
measurement of the net yield of ATP from glycolysis
— and its consumption by other cellular process — is
difficult to determine. One solution is to measure the
net yield of glycolytic products (lactate, pyruvate)
and then use known stoichiometries to determine
the gross rate of ATP production from glycolysis.
Any ATP-consuming back reactions in the substrate
cycles of glycolysis would be included with the other
ATP-consuming processes in the block of ATP-con-
sumers. However, when we do this components of
the glycolytic ATP-production block are now also
components of the ATP consumption block (cf. E5
in Fig. 2). The effects that the presence of cycling has
on the division of the system can be seen by consid-
ering the reaction scheme in Fig. 3.

(a)

> X Et, r—»—»—»ATPi—>

E2

(b)

e |
->—>—>x—L—> =

y—+>—1ATP
W2 ey |

J1
o ‘j »2E1
ATP-producers X y
=
ATP- E2

Fig. 3. A pathway with substrate cycling. (a) The pathway
showing an ATP-driven substrate cycle around x and y cata-
lysed by the enzymes EI and E2. (b) Top-down division around
ATP with the substrate cycle included in the ATP consumers.
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In Fig. 3a EI converts x to y and in the process
consumes ATP. y can subsequently yield ATP, or
can be converted back into x by E2 with a net de-
phosphorylation of ATP in a substrate cycle. The
remaining ATP is consumed by E3, which may rep-
resent all other ATP-consuming processes in a cell.

The net flux through the system is equal to the flux
through EI (i.e. JI) minus the flux through E2 (J2).
Consequently, the fraction of E7 that contributes to
the net flux is given by (J1—J2)/J1. The remainder
(J21J1) of the flux through EI is used to drive the
cycling process together with E2.

The presence of cycling results in a division of the
system as shown in Fig. 3b. The two blocks in Fig.
3b share x, y, EI and E2, so there will be extensive
cross-talk between them. This can be dealt with as
discussed above. Direct modulations of either block
would be an invalid means to analyse the control
pattern, but modulating a branch feeding in to (or
out from) ATP would be valid. One such branch
could be ATP provided by oxidative phosphoryla-
tion.

ATP consumption has two components to it: the
reactions that drive the cycling process and the cel-
lular ATP-consuming processes. They are grouped
together in one block (the ATP consumers), repre-
sented by the shaded area. The control exerted by
this block will be equal to the sum of the control
by the reactions that compose it. Without knowledge
of the cycling flux the contribution of the control
over the system variables by the two parts of the
ATP consumers block cannot be separated.

The control pattern of the system in Fig. 3b will
relate only to the measured flux, here the net flux
through the ATP-producers. For example, consider
the control exerted by the steps leading to the pro-
duction of x over the net flux. The x producers will
control the flux through both EI and E2. However,
in the system division of Fig. 3b the control by the x
producers would be determined as control over the
net flux (J,e; =J1—J2). The size of this control is
related to the control over EI and E2 and the cycling
rate by the following equation:

ClL ducensd 1= CZ

CJ net __ ' xproducers x producers
xproducers
J net

J2

Thus the control the x producers have over J,,.; and
JI may be very different.

4. Discussion

Using branches as a means to modulate systems is
a general way to get around the problem of ‘cross-
talk’ between metabolic blocks. It opens up the pos-
sibility of analysing systems that are inaccessible us-
ing inhibitors alone. These systems are inaccessible
because it may be difficult to measure some impor-
tant intermediates and so hard to make all the rele-
vant intermediates explicit.

In real complex systems there is likely to be a limit
on the number of metabolic branches and inhibitors
available that are selective enough to be of use. If in
a system there is a mixture of blocks that contain
intermediates that cross-talk and ‘simple’ ones that
do not, then it would be valid to inhibit the ‘simple’
blocks. In such a system a combination of branches
and inhibitions may provide sufficient information to
solve the requisite elasticities.

Where system division means that different blocks
share some common intermediates or enzymes, the
control coefficients must be understood to relate only
to the fraction of the enzymes which are deemed to
be inside that block. For example, in Section 3, the
fraction of a glycolytic enzyme that opposes sub-
strate cycling was considered to be part of the ATP
consumption block rather than the ATP production
block, and thus contributes to the control by the
ATP consumption block.

Where ‘cross-talk’ occurs, changes within blocks
that have cross-talking elements are not considered
equivalent [15]. For example, in Fig. 1c, an inhibition
of E2 is not equivalent to an inhibition of E3, since
they have different effects on the cross-talking inter-
mediate. The control coefficients represent system
changes if a uniform change in activity were made
to all the enzymes/processes that contribute to a
block. The modulation is then the same fractional
change in activity of all of the processes. Where an
enzyme is in two different blocks, the fractional
change relates to the part of the activity found within
the block in question.

Thus, it is possible to analyse systems that have
blocks that contain intermediates that are not made
explicit, yet pass information to other blocks. It can
be done by introducing branches that alter the levels
of the explicit intermediates, and by treating the ef-
fects of the non-explicit intermediates as functions of



290 E.K. Ainscow, M.D. Brand| Biochimica et Biophysica Acta 1366 (1998) 284-290

the explicit intermediates. This alters the meaning of
the elasticities to the explicit intermediates but allows
valid control and regulation analysis to be per-
formed. The method turns out to be particularly
helpful in the analysis of system where it is useful
to divide enzymes between different blocks so that
they appear in more than once in the system descrip-
tion.

We have used the concepts presented in this paper
to analyse the control of ATP production and con-
sumption in isolated hepatocytes (Ainscow and
Brand, in preparation). The division of the system
into metabolic blocks was such that many blocks
contained ‘cross-talking’ intermediates. NADH and
pyruvate oxidation were treated as two separate
blocks despite the processes sharing many common
elements, such as the respiratory chain (cf. Section
2). ATP consumption and glycolysis were also
treated as separate reaction blocks. The presence of
cycling within glycolysis was treated essentially as
described in Section 3. The theories discussed in
this paper justify the validity of analysing hepatocyte
metabolism in this way.
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