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Why and when channelling can decrease pool size at constant net flux in
a simple dynamic channel
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Abstract

Cormish-Bowden and Cirdenas {Comish-Bowden. A. and Cirdenas M.L. (1993) Eur. J. Biochem. 213, 87-92) have suggested that
simuiation results previously published by us (Mendes, P., Kell, D.B. and Westerhoff. H.V. (1992) Eur. J. Biochem. 204. 25% 254)
which had demonstrated that large reductions of intermediate poe! sizes could be accompanied by increasing channel flux in a model
metabolic pathway., were an artefact of changes in the pathway’s o erad! flux of the order of 0.0075%. or of inappropriate alterations of
enzyme activities. They also asserted to prove that “*channzlling of an intermediate cannot affect its free concentration at constant net
flux'’. We consider the co-response of the intermediate metabolite concentration (*pool’) and the channel flux to changes in kisetic {(or
thermodynamic) parameters. Both by analytical proofs and by numerical examples we show that this co-response van be positive,
negative or null. depending on the parameter change. In particular. we prove that there s always a number of ways of changing
parameters such that the intermediate metabolite concentration decreases with increasing channel flux. whether the total flux varies or is
constant, We also show that increased stability of the (dynamic) enzyme-intermediate-enzyme comglex, as well as a single oarameter
change that similarly disptays no cross-over effects, can lead to decreased intermediste metabolite concentration and incrznscd channel
flux at constant total flux, In general, a non-zero co-response of the iniermediate metabolite concentration (*pool’) and the chanael flux to
changes in kinetic (or other) parameters is the rule rather than the exception. More specifically: (i) The algebroic analveis (*general proof’)
given in Comish-Bowden and Cirdenas (1993) contains the constraint that the elasticities of various steps to the modulation parameters
which were used 1o vary the channel flux at constant net flux were unity. This is an unfortunate and unnecessary constraint which. when
lifted, means that the concentration of the pool in the general case can indeed change at copstant net flux. A “simplified proof” given in
Cornish-Bowden and Cirdenas (1993) also fails. due in addition to the consequent tailure to include mass conservation relations for some
of the enzymes. (i} In the systems studied by Comnish-Bowden and Cirdenas (1993), flux is propersly to be considered as a variable (since
it varies during the transition to the steady state). and not a parameter. and as such cannor per se affect the magnitude of other variables
in the steady state. (i) By relaxing the constraint referred to in (i), above, und by making dual wmedulations (i.e.. of more than one
parameter at once) which are different from those carried out in Comish-Bowden and Cirdenas (1993) we find maay instances in which
channelling (described by a parameter p) does significantly affect the concentration of the pool intermediate C at constant total flux. (iv)
In the sume pathways, but in which the flux is held constant by setting it via a zero-order flux-generating reaction. the addition of a
channel is also able significantly to modulate the size of the pool at constant tal flva. Our results show that the effectiveness of
channelling in decreasing a pool. even at constant flux, is very much a reality.

i. Introduction forms. One that has been much in focus lately is that in
which a common intermediate of two enzymes. catalysing
consecutive reactions of a pathwsy. diffuses from one
active centre to the other without becoming free to mix
with a nominal substrate “pool’. This phenomenon. knosin
as metabolic channelling. has been particularly clearly

Enzyr.e -~enzyme interactions have long been identified
both in vitro and in vivo. These interactions can take many
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zyme complex exists in the absence of the common inter-
medizte. and which has been studied by X-ray crystallog-
raphy in remarkable detail. is the bucterial tryptophan
synthase bienzyme (EC 4.2.1.20). In this case. indule, the
common intermediate of the two reactions, travels from the
site of its production lo the site where it is utilised as &
substrate via a 25-30 A long tunnel {1-3]. It has also been
proposed (e.g. {4-9]} that dynamic complexes of consecu-
tive enzymes (with higher dissociation constanis) are also
capable of promoting metabolic channelling. Because such
complexes are essentially absent when the common inter-
mediate is not bound. enzymes dissociate easily, and (the
widespread) experimental evidence for such dynamic chan-
nelling has been gathered by methods other than structural
ones {reviewed in [7.10-12)).

That channelling exists in real metabolic systems does
not in itself indicate the magnitude of any effects that
might follow from the addition of a metabolic channel 10 a
pathway exhibiting otherwise purely pool-type behaviour.
Many authors have suggested possible advantages, or at
least consequences. of metabolic channeiling for celiular
metabolism (e.g.. [11-18]). of which perhaps the most
common, in addition to possible effects on the flux through
vatious metabolic branches. is that channelling could lead
to a decrease in the steady-state concentration of the
intermediate metabolite (pool). In contrast with these sug-
gestions, Cornish-Bowden [19] published simulations in
which the addition of a channel to a model pathway did
not decrease the concentration of the intermediate metabo-
lite (and actually slightly increased it). Although his simu-
lations were restricted to very specific thermodynamic and
Kinetic parameters. he gereralised his conclusions, arguing
that *‘channelling has no effect on the free concentration
of a channelled intermediate in a pathway’' [19]. We
subsequently showed [20), by performing simulations on
the same model studied in {19}, that this was an incorrect
overgeneralisation: in particular, if the reaction catalysed
by the enzymes forming the channel had a K, higher than
1. and if the enzyme removing the product of the channel
reaction was kinetically competent. channelling in the
stated mode] could decrease the steady-state concentration
of the pool by factors of as much as 1000, independently
of the mechanism of the terminu! reaciion and under
conditions of essentially {approximately) constant overall
flux. If the channel was a “static’ channel, the decrease in
the pool could be o arbitrarily low levels, and this conclu-
sion also held for a system in which other reactions could
consume the pool intermediate. Easterby [59] had also
showed that channelling could decrease the size of a pool,
particularly in a static channel. Thus, we concluded that,
given appropriate parameters, the addition of a channel v
an otherwise unchannelled pathway is perfectly cipable of
bringing metabolite concentrations to low leveis.

However. Cornish-Bowden and Cérdenas [21] then
claimed. inter alia. that the simulation results previously
published by us (20] resulted from variations of overall

pathway flux or ‘cross-over effects” and that channelling
would not decrease the pool size at constant net flux.

In this paper we prove analytically that there are always
parameter changes that lead to increased channelling flux
and decreased intermediate metabolite concentrations even
at constant nel flux. We also show that increased chan-
nelling flux caused by increased stability of the ternary
enzyme-substrate-enzyme complex can be accompanied by
decreased concentrations of the (free) intermediate metabo-
lite. In general, whether the intermediate metabolite con-
centration decreases or increases depends on the way
increased chawmelling flux is effected. Flux optimization
procedures could therefore employ the possibility of in-
creasing the proportion of flux through channelling com-
plexes and decreasing intermediate metabolite concentra-
tions (cf. {22]).

[21] also contained a number of statements concerning
the cross-over theorem {23] which is anyway well known
to fail (e.g., [24,25]. In sum, however, the incorrect
arguments raised in [21], and related to the purported
inability of channelling to modulate a pool at constant net
flux, are gross overgeneralisations which seem to stem (i)
from an unnecessary restriction in the coupling of pathway
parameters, and (ii) from the confusion of a parameter and
a variable. In answer to the question ‘‘Channelling can
affect concentrations of metabolic intermediates at con-
stant net flux: artefact or reality?’’, it is clear that the
answer is reality. Depending on how channelling flux is
increased the concentrations of pool metabolites can de-
crease, increase or remain at the original values.

2, Model and methods

The mocel used here to study the effects of channelling
on a linear pathwcy is depicted in Fig. 1a and has been
described previously [19-21]. It represents a pathway of
four consecutive enzyme-catalysed reactions in which the
two middle enzymes can associate and channel their inter-
mediate metabolite. whilst a2 proportion of the intermediate
may be released to the ‘bulk’ solution, thus forming a
pool. Because we are specifically intercsted in studying the
effects of channelling per se, the elementary reactions of
the two interacting enzymes were detailed explicitly, whilst
the other two were represented by single steps with
Michaelis-Menten-type kinetics. Similarly, since we wish
to describe the effects of the channel per se on the ‘nakec”
(channel-free) pathway, we also delineate the equivalent
case in which the channelling steps (7 and 8 in Fig. 1a) are
absent (Fig. 1b); in such a circumstance, the Kinetics of
enzymes 2 and 3 (steps 2-5) may be accounted for by the
veversible Michaelis-Menten rate law (and one can com-
pute the kinetic constants from the rate constants). We
would stress that this model is the same as the one studied
numerically in [19). However, the model represented
graphically in Scheme 3 of that paper, as well as the
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Fig. 1. Model of dynamic channelling in a four-enzyme pathway. {A) the
full schematic mode! (for the corresponding mathematical model see Fig.
2): (B) the same pathway without channelling. in which the interactions
between enzymes 2 and 3 that allow for the channelling of C are absent.
Arrowheads refer to the positive direction of Nuxes: all steps cxcept & are
treated as kinetically veversible.
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model represented in Fig. | of [21]. is significantly differ-
enat from this, conservation of enzyme molecules is not
cluded in that model, with the effect. for example. that
E.X is converted to E,CE, without ever binding E,.
Because such incomplete arrow diagrams can be mislead-
ing. we think it is appropriaste to present the graphical
representation of the full model. The dynamic equations of
the mathematical elaboration of the model are given in Fig,
2. They are essentially identical to (although somewhat
more general than) with the equations employed earlicr in
[19-21]). The variables of this model are expressed as time
derivatives. They include the internal metabolite concentra-
tions [B]. {C). and D] as well as the concentrations of the
enzyme forms [E,l [E,X]. [E,L [E.Y) and [E,CE,)
Because of conservation of the total concentration of en-
zymes 2 and 3. only three of the latter are independent.
Although the fluxes are also variables. they are not inde-
pendent of the internal metabolite concentrations. and are
expressed as functions of the latter; thu: they do not
appear explicitly in Fig. 2

The numerical data displayed herein were obtained as
previously [20] with the simulation program GEPASI 2
[26.27] on a personal computer equipped with an intel
80486 processor runaing MS-DOS and MS-Windows 3.1.
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Fig. 2

. The full mathematical model. This model describes the concentrations of the internal metabolites and enzyme complexes (the vastables of the

mndel) as a function of kinetic and riate constants and of the concentration of the precursor A. The parameters Ai are used to modulate the rate of the steps
i. The parameter ¢ multiplies the four constants associated with steps 3 and 4, while p multiplies the four constants associated with steps 7 and 8. In some
simulations (see text) p is varicd to change the proportion of flux through the channel and ¢ is adjusted so that the net flux remains constant {to a specific
accuracy). In other simulations one or both of p and ¢ are kept constant and equal to |. Finally, in some simulations, p an¢ ¢ modify a more restricied set

of rale constants (see iext),
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Some results were checked with the program SCAMP
[28.29] on the sume computer,

3. Results

As previously [20]. and as followed in [21]. we use
metabolic control analysis (MCA. [30.31]. recently re-
viewad in [32.33]) and enzyme Kkinetics, together with
steady-state simulations, to study the effects of metabolic
channelling. Although MCA has traditionally been used
for systems with independent conversions of metabolite
pools, it has also been applied to specific problems of
channelled systems [34-38]. Recently. it has been shown
that MCA is quite capable of dealing with such systems in
general if one describes the action of channelling enzymes
by explicitly considering the enzyme states (with the inher-
ent conservation of moieties) and their elementary reaction
steps [39]. The first comment to make, however. as has
indeed been widely stressed in the pertinent literature, is
that in the MCA (and indced generally) it is crucial to
distinguish between parameters and variables [30.36,40-
44]. Parameters are properties of the experimental system
set either by the experimenter {e.g.. temperature, pH) or by
nature (kinetic and rate constants) that remain constant
during an experiment (inciuding during the transition to a
steady state). whiist the latter (such as the concentrations
of intermediary metabolites or the flux) only attain a
constant value {apart from their characteristic fluctuations
[41]) as steady state is achieved: the sieady-state magni-
tude of any variable is determined by those of all the
parameters [30]. Changes in the magnitude of any variable
cannot affect the steady-state magnitude of any other
variable (except for systems which are inherently multi-
stablie and in which the perturbation had pushed the system
away from the original basin of attraction (see [44.46]), but
these are not considered by MCA [47] and are beyond the
scope of the present discussion).

Likewise. changes in the magnitude of a variabie flux,
or flux ratio. cannot by themselves affect the stecady-state
concentration of a metabolite. By contrast. changes in
parameter values affect flux ratios and concentrations. in
MCA. this is quantified by a response coefficient [48].
Also. and most often. both the concentrations and fluxes
change when a parameter is changed. The changes in
concentration and in a flux may then be compared by
taking their ratio. For small modulations this leads to the
co-response coefficient defined by Hofmeyr et al. [49].
Importantly. the magnitude and even the sign of a co-re-
sponse depends on the parameter thiat is modulated.

Thiv point is relevant here because the question raised
imitiaily was: "*does increased channelling reduce the con-
centration of the channelled metabolite? . In view of the
above. the guestion is ill-phrased. Instead one should ask
for the “co-response’ of the intermediate metabolite con-
centration with the extent of channelling, i.c., how that

concentration varies with channelling, However, the ques-
tion is then incomplete, since it should specify which
parameter is modulated so as to affect the extent of
channelling. Accordingly we note that the title of the
present paper must also he read with caution. The question
to be addressed cannot be why and when the phenomenom
of channelling of flux can decrease pool size. It must be
the extent to which channelling in the transitive sense, ic.,
the guiding by a cerlain puameter change of Mux through
the channel, can cause the concentration of a metabolite to
change.

In this paper we shall examine the co-response of the
intermediate metabolite concentration and the exient of
channelling for a number of different ways of modulating
the parameters of the system. We shall do this both
analytically and by numerical simulations. At each point
we shall treat the parameter change considered in [21] as
one of the cases. One question addressed is whether in-
deed, the direction in which the metabolite concentration
varies when channelling varies is different for different
parameter changes. The pertinent question, whether there
is always at least one way to increase the extent of
channeiling such that the concentration of the intermediate
metabolite decreases at constant total flux, is addressed
analytically, and answered in the affirmative.

3.1. Algebraic analvses

3.1.1. Proof that there are always wavs to increase the
extent of channelling such that the concentration of the
intermediate metabolite decreases; the case of a linear
pathway

In this subsection we shall prove analytically that for
any case described by Fig. la, there are ways of varying
channelling at constant totai flux J, such that [C] decreases
whilst the flux through the channel increases.

Unless noted otherwise, we shall modulate the local
rates of the elementary steps in the sense of effecting equal
relative changes in the forward and the reverse rate con-
stants. For each elementary step, i. we denote such a
modulation by dinA;:

dinA, =dlnk_,=dnk _, (n

We now consider the modulation of the steps 3., 4, 7
and 8, parametrized by dinA,. dinA,, dinA,, and dinA,,
not changing any other parameters, such that:

v:g v*|'dlnl\_q+v_3'dlnl{_‘

dinA; =dlnA, = — — - 2
! ! v, vy tu, )

With this modulation. the steady-state concentrations of
the enzyme states (E,. E,X. E;. E;Y. and E,CE,) do not
vary. neither does the total flux. Any increase in the
channel flux is exactly compensated for by a decrease in
poo! flux. This may be checked by writing for each
reaction rate by how much it will change when these
modulations and the variations given below occur are
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affected. For instance, Eqs. 2-4 allow one to demonstrate
thatdlnv, = vidinA ; — v - dInC = —dv, = —v; - dina,

v.,

and dinv, = dlny, = dinA; + — - dinC. The correspond-
; v,

ing variation in the concentration of the intermediate

metabolite and in the pool flux amount to

dinA; — dinA
dln[C] = ——v—'l—ri CUy {(3)
+a -3

v,y -dnA;, —v_,-dinA
diny, = — S - (4)

v, + v A

For this modulation, the co-response coefficient of the
intermediate metabolite concentration with the channel
flux is obtained by realising that dinv, = dInA; and cm-
ploying Eqgs. 2 and 3:
dinfC]

dinA, — dinA

; 4

vy - (5)
v,y dinA, +v_,-dinA,

diny,

When A, is not modulated (din A, = 0). this co-response is
negative. Eq. 4 shows that then. decreasing A; (dinA, <)
results in a decrease of pool flux, hence the channel flux
increases {(because the total flux remains constant). Conse-
quently, this equation proves that for any set of kinetic
parameters, there is always at least one way of increasing
channelling with an associated decrease in the corv~ntra-
tion of the intermediate metabolite.

There are other types of modulation. where the concen-
tration of the intermediate metabolite decreases with in-
creasing channelling. For example it may be seen by
inspection of Eq. 5 that this occurs if A, increases and A,
decreases, such that

v_

dinA, < —-dnA,. (dlnA, > 0) (6)
v,y

In fact, modulations where A, is decreased can also lead to

a decrease in [C], provided that A, is decreased more than
A

din, <dinA,. (dinA, <0) o

Depending on the relative magnitudes of v, and v_,, this
may be accompanied by an increase or a decrease in
channel flux. Eq. 5 also shows that (i) for the special
modulation that alters A, and A; by the same factor (as in
[21]), [C] does not change with the exient of channelling.
and (ii) there are many modulations that will increase [C]
with increasing channelling flux.

3.1.2. Proof that there are alwayvs wavs 1o increase the
extent of channelling such that the concentration of the
intermediate metabolite decreases: the case of a branch
from the pathway

One of the reasons why channelling of a metabolite
could be ‘useful’ for an organism is if that metabolite is
unstable or if it would be consumed by an unwanted.
competing pathway. In those cases. a reduction of the

concentration of the intermediate metabolite (pool) would
reduce the amount of material diverted 1o the competing
pathway {it could be a simple side-reaction). This will be
even more importart if the branch pathway produces some
toxic substance. If channelling is able 1o decrease the
concentration of intermediate metabolite available for the
competing pathway this would reduce the flux in that
pathway. Consequently. 1t is important to consider the
generalization of Fig. la 1o the case in which the metabo-
lite C is removed by an addit:nal step (competing with
step 4). For simplicity we shall assume this reaction to be

of first order in the concentration of ." and effectively
irreversible. i.e..

Ve = Ay k- [C] (8)
Steady state requires:
v, = v+, (9

We now consider the modulation analogous to that given
by Eq. 2:

virv ,cdindy+uycv - dindg

dinA, =dinA, = —
vo-(v_,+v )
(10)
with additionaily:
v, - dinA; — v, -dlnA
dinA, = — A : (1)

v v,

i.e.. the branching rate constant A, is modulated such that
the branch flux does not change. hence:

dv, = dy, (12)
and
din[C] = —dinA, (13)

This modulation is again constructed in such a way that
the steady-state concentrations of thie enzyme forms and
the net rate of any chemical species (metabolites and
enzyme forms) remains zero. For instance, that dy, = —dw,
can be shown as follows: the rate of step 4 is given {see
Fig. 1) by:

vy=v. - v = Ak, [CNE,) - & [E.YT) (14)
By differentiation of Eq. 14 one finds:

v+4

diny, = dinA, + —din[C] (15)

Al

Using Eq. 10. Eq. 11. Egs. 13 and 14, one finds:

v,
dinu, = dinA, = — —diny, {16)
v,

X

The co-response of v, with [C] for this modulation can be
written as:

diny, v, diny 17
dinfC] v, din[C] (7
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using Eq. 15:

dlnv v, v, dina

_— A (18)
din[C] v, v, din[C]
and from Eq. 13:

dinv, v, v, dinA

—_— 2 u (19)
din[C] vy vy dind,

Considering the case in which step 4 is not changed
{dIn A, = 0), this equation proves that there is at least one
type of modulation in which channelling flux increases
accompanied by decreasing concentration of the intermedi-
ate metabolite. viz. dinA, <0. Together. Eqs. 19 and 11
allow one to select more modulations for which this
occurs. This leads to (assuming that v, , > v_,):

dina, VoY

< - (20)
dlnz\; Uyt VU,
or
v dina, (21)
v, dina, -

A special type of modulation equally affects steps 3 and
4 (i.e.. dinA, =dinA,). Egs. 1 and 13 then lead to:

din|C v

[€]_ w .
dina, v.,tuv_,
diny, o, v (v, +u.

u=__.1_4( 4 3) (23)

din[C] Uy Vg Uy
din|C t,-v

[ vov o)
dinvy, vitv, oy v,

For fluxes in the forward direction. the co-response of [C]
and v, (Eq. 24} is always negative: intermediate metabo-
lite concentration decreases with increasing channelling
flux.

3.1.3. The modulation that keeps the concentration of the
intermediare metabolite constant while increasing chan-
neliing flux is a \pecial case

In Ref. {21]. the authors sought to prove analytically
that in the model of Fig. la varations in the extent of
channelling (varied by changing p. see Fig. 2) at constant
total flux (maintained by changing ¢. see Fig. 2) could not
in principle affect the concentration oi the pool intermedi-
ate C. and indeed claimed to have obtained a ‘general
proof” io this effect. The analytical proofs in the preceding
sections seem to be in conflict with this claim. What is
then the source of this apparent discrepancy?

Whilst we do not take issue with the reasoning of the
proof in {21]. it transpires that the algebraic analysis in [21]
is not in facl general for the case where one changes the
proportion of flux through the channel while maintaining a
constant net flux. The reason why the derivation in [21] is

not general is that it possesses the following important and
unnecessary set of constraints: one of the modulation
parameters (¢) has to affect k,,, k_,. k,, and k_, by
the same factor (so here ¢ = A, = A,). and the other ( p) to
affect k ;. k_,. k.. and k_,. alsn by the same factor
(p=A,=A,); in the language of MCA, as in fact men-
tioned in [21], the elasticities of each of these steps to-
wards the parameter that affects them is unity:
3

e =€ =€=¢=1 (25)

where p and g are the two parameters of the double
modulation.

There are, however, other perfectly feasible double
modulations which are not subject to the constraint of Eq.
25: for instance, we can affect both steps 7 and 8 (and 3
and 4) by changing only &, and &_, by a facior p (and
ko3 k_3 ky k_, byafactor gyand nork_, and k4. In
this case, the elasticity coefficient of steps 7 and 8 towards
p are different from 1. It should be noted that this modula-
tion does not violate microscopic reversibility. Following
the same steps taken in [21] (described in their Egs.
(1)-(9)), we obtain the relation (see Appendix 1):

din[C]
dinp

_ C1.7 C|.%
=Cl%,) + C|le}

(T CEN( 7™y + Ci™%;)
C;ncl + C_{"m

(26)

where CIF! is the concentration-control coefficient of
metabolite C with respect to the rate of step 7, &, is the
elasticity coefficient of step 7 with respect to the parameter
p. and so on,

In contrast to Eq. 9 of {21], there i~ nothing we can say
about the right-hand side of Eq. 26. While we cannot
prove analytically that this expression is generally different
from zero, below we shall show by rumerical simulation
that it is often not zero.

Similarly, we may mak: a double modutation in which
only steps 3 and 7 are affecicd (by multiplying &, , and
k_, with g and by multiplying & ,. k_, with p); thus the
elasticity coe? icients of step 4 towards ¢ and of step 8
towards ;» are zero, since they are not affected by these
parameters. Given this. a similar derivation to that in [21]
results in:

din[C] , cim
dlnp = C[,“ | C!;C] C{"“‘ (27)

The reasoning used for Eq. 26 also applies for Eq. 27:
the right-hand side cannot be proven always to be zero, but
we shall also show by simulation cases in which it is not
ZEr0.

There are yet further methods for maintaining the net
flux constant, which do not require double modulations; in
this case u derivation along the lines of that in [21] does
not seem to be possible because there is simply no second
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parameter being adjusted! Thus, however supe-ncially per-
suasive it might appear, the so-cailed “general proof” of
{21] is not: it anly applies to the special cases in which the
Eq. 25 holds.

3.1.4. Numerical results at constant ner flux

In the analysis in {21], the steady-state flux was engi-
neered to be constant {to several decimal places) by adjust-
ing the rate constants of steps 3 and 4, multiplying them by
a factor ¢ for each value of p (this corresponds to
dinp =dini, =dini,; and ding = dlnA, =dlnA; in Sec-
tion 3.1.1 and Section 3.1.2. As discussed above, however,
there are other ways of fixing the net flux while modulat-
ing the proportion passing through the channel. One such
way is to modify tke first step to make its rate 10 be
constant (i.c., of zero vrder with respect to its own sub-
strate and product) such that we effectively fix the input
flux, instead of fixing the cuncentration of the first sub-
strate [50). This corresponds to (" velocity-induced') path-
ways that have a constant input of substrate. rather than
being ‘reservoir-induced’ by having a constant concentra-
tion of initial substrate, the internal metabolite concentra-
tions adjust 10 a preset flux. (This distinction is equivalent
to the contrast, that is made explicit in electrical circuit
theory. between using a constant current source and a
constant voltage source; see, for example, [51.521) Impos-
ing a constant flux in this way can also be done at other
points in the pathway. such as the last step. That case
corresponds to pathways that have a constant output of
product, rather than constant concentration of product. In
each case, the net flux in the steady state will be egual to
that of the zero-order step.

Other ways of varying the flux through the channel
whilst maintaining a fixed value of net flux include changes
in some rate constants of the channel branch (steps 7 and 8
in Fig. 1) compensated by changes in other rate constants
of the pool branch (steps 3 and 4 in Fig. 1). These will
differ from the double modulations of {21] whenever all of
the 8 kinetic constants involved are not changed simultane-
ously. Particularly, we have done this (i} by changing & .,
and k_,. and compensating with ¢, (ii) by changing & _,
and & _,, and compensating with &k, and k _,. and (iii) by
imposing constant flux as described above.

3.1.4.1. Modulation of complex stabilitv. Another way of
modulating the proportion of flux passing through the
channel is to vary &,, and k_, (whilst keeping their ratio
constant in order to maintain the same thermodynamic
constraints). In order to keep the total flux constant, we
adjust g, which multiplies k_,. k_,. k,_, and & _, (as in
[21]. This differs from the modulations described in [21]
in that in that paper the proportion of flux passing through
the channel was modulated solely by increasing p (which
is the same as increasing k,,. k_,, k,, and k_, by the
same factor). Changing k., and k_, affects the stability
of the E,CE, complex, in contrast to increasing p which

) WA f‘".. T ot w
T 1
Ccl 0s [ ’I" “ ) ;
= . . -
g ,/ /‘;_' 10 &
s oe v ‘é
g ‘ *
o 04 & 2
8.2 .J_LudnLA.A.Lhul_.‘.-hﬂd—A—uulj
10+ 10° 10 10 1w

Ko

Fag. 3. Steady-state concentration of the pool metabolite ¢, ensyme
complex E.CE,. and percentage of flux through the channel as i function
of the dissoviation constant of the E.CE, complex. The degree of
channelling v varied by chunging &, - und & , {obeying the relation
ko=k,./10L simultaneously the net flux is kept constant hy udjusting
g (which multiplies A, . &k .. &, and & ). Other parameters: V' = V'
=Ko=K = VP I p=k a=k =k =1k, =k =k, =
04k, =000 & =Mk k,=k_ =01 V=100 K_=1 (sicp 6
[Al=10: [E.},., =[E )., = 1. The K, values arc for the dissociation of
E.CE, by viep 7. the dissociation of this species via step 8 has K, values
one order of magnitude lower. The /., values were fixed a1 0L169067278
{+ /-0.000000597%). ¢ varies from 0.652369577 (K, = 1) 10 115883115
(K, = 0.0061). Closed circles represent [Cl.. closed triangles [E-CE ],
and open sguares the seady-state channel flux.

just makes steps 7 and 8 faster (ctoser to equilibrium) and
does not affect the stability of the complex. (Such an effect
on k_; and k , might easily be considered in evolution-
ary terms to be the result of a single-site mutation in the
gene(s) coding for either E. or E,. which would be a
simple mechanism for affecting the stability of E,CE, —
see Fig. 1a.) Representative data are given in Fig. 3. where
it may be seen ihat it is indeed quite possible to vary the
extent of chanselling at constant total (net) flux but
nonetheless simultaneously effect a decrease in the
steady-state value of [C] (cf. [53]). An increased stability
of the E,CE, complex. i.e.. of the dynamic channel.
causes a smaller pool size.

3.1.4.2. Modulation of steps 3 and 7. Modulating the
proportion of flux passing through the channel whilst
maintaining the net flux constant by varying £, and k
compensating with an appropriate change in 4., and & _,
(leaving the other steps unchanged). could be effected in
nature by a suitable point mutation in the gene encoding
E, or E;. A simulation in which this was carried out is
displayed in Fig. 4. Again it is easy to find conditions in
which one can vary the extent of channelling at constant
total (net) flux and simultaneously reduce the pool size. In
this particular case one may observe that a rather small
increase of channel flux (from 74 10 97% of the 1otai flux)
is accompanied by a decrease of nearly two orders of
magnitude m [C]_.

One can effectively do the ~ompiementaty type of
modu’ tion to that described in the previous paragraph (1o
vary wie proportion of flux passing throvgh the channel
whilst maintaining the net fux constant) by varying k|
and & , and then compensating by an appropriate change
in k,, and k . This could also be effected in nature by a
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Fig. 4. Steady -state concentration of pool metabolite C. enzyme complex
E.CL:. and pereentage of flux through the channel as a function of &, ..
The degree of channelting is varied by changing &, and k_ .. simulta-
neously the net fluy is kept constant by adjusting &, ; and A_- (k_, =
L.y and & -=4h_-/10). Other parameters: V' =K, =l V' =107,
Ko = 100 (step 1) p=qg=k, =k =k =Lk =k_s=k, =
koy=00: h,o=10: V=K =1 (stiep 6)% [A}=10; [E,],, =IE;),. =
LThe /., salues were fixed at 0.277106896 (+ /-0.00000027% ). Closed
circles represent [C] . closed triangles 100X [E.CE, ], and open squares
the steads -state channel Nux.

suilable point mutation in the genes encoding E, or E;.
The data from simulations in which this was carried out
(not shown) indicate that one can again easily find condi-
tions in which one can vary the extent of channelling at
constant total {net) flux but nonetheless simultaneously
effect a substantial change in [C], (see also Section 1.1).

3143 Inflow controlled pathwav. We now consider the
case in which the pathway is supplied with substrate (via
reaction 1) at a constan! rate. which we set to an arbitrary
valuc. in the mathematical model (Fig. 2) this is done by
substituting the term

v'{a] vr[B]
K K

m
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by the constant 0.9088 (the desired value of steady-state
flux). In this case the net flux of the pathway in the steady
state is truly constant at different values of p. under
conditions in which. maost importantly. ne other parame-
ters of the mode! need 10 be adjusted. Since the only
parameter that is changing in these simulations is p any
effect on any variable that is observed can safely be
attributed to channclling. Fig. 5 details the effects of
changing p under these conditions on both the pool size
and the magnitudes of the fluxes. 1t is clear that depending
on the extent of channelling. the concentration of the pool
intermediate can double or halve. relative to the pathway
lacking a channel.

A reiated way of imposing constant flux is by sctting
the last step (6) of the pathway to a corisl:im rate. This is

VID

achieved by substituting the term m by the de-

sired value of steady-state flux. Once again. we found
circumstances in which when p is varied. the co-response
of [C].. and channe! flux was not zero (data not shown).
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Fig. 5. Steady-state concentration of pool metabolite ¢ and percentage of
steady-state flux through the charnei as a function of p at constant
supply of substrate. The degree of channelling is varied by setting the
parameter p to increasing values; the net flux is constant due to the fixed
rate of the first step. Other parameters: v = 09088 (step 11 k. =k, =
ki=ko,=k,o=ke=k,,=1000; g=k_ =k =k _s=k,y=
ko, =1 V=K_,=1(step 6) [A]=10: [E.] ,, =[E,],, = I. Closed cir-
cles represent [C),, and open squares the flux through the channel (steps 7
and 8). The solid horizontal line represents the value of [Cl, for the
pathway of Fig. Ib (without channelling) for the same parameters a:
ahove (except that steps 7 and 8 do not exist, neither does E.CE,), the
horizontal broken line represents the value of the net flux for the same
model.

3.1.5. Effectiveness of channelling in decreasing the pool
when the net flux is allowed to rary

Although it has been previously shown that channelling
is able to decrease an intermediate metabolite pool size
when the flux is allowed to change [20], the significance or”
the numerical results shown could be gainsaid on the
grounds that the concentration that had been decreased by
(in that case) three orders of magnitude was aiready small
in the absence of a channel, such that reducing it further
would be meaningless in practical terms. In Table | we
show data for a different numerical case in which the
conditions are such tha? the concentration of the intermedi-
ate without the channel is relatively high but waich is
decreased by one order of magnitude when the channel is
operating (with high values of p). As previously [20] we
define the coefficient as the ratio of the concentration of
the intermediate C at a certain value of p to the concentra-
tion of C without the channel (« = [C}/[C],). similarly the

Table 1
Modulation of the degree of channelling by p at variable net flux
r [C]n 'Im't ‘lch.mm:]
0 0.6904590 0.5614159 0.0000000
0.00] 0.8225023 0.2879963 0.7000599
0.01 0.8221078 0.2883956 0.0005988
0.1 08181458 0.2923762 0.0059792
1 0.7769361 0.3309076 0.0588740
10 0.3681878 0.5892023 0.4544255
100 (L.0644146 0.7418649 0.7301332
1000 0.0453458 0.7522876 07541557
10000 0.0441450 0.7532643 0.7531515

The degree of channcling is modulated by the parameter p {that multi-
plies &,4. koo &, and Ay) allowing the net flux to uct as a true
variable, Other parameters: V= Vi= K, =K, =1 (sep 1) ¢= k.,
=k, =shky=k ,=hki=k, =1 ka=k,=ks=k y=ky=00:
koo=10:V=K_ =1Uiep6) [A]l=,0;[E,],, =[E ). =1
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Fig. 6. Effect of parameter p on ihe relative steady-state concentration of
pool metaholite C and relative steady-state . As detaiea o the text. o
is the value of [C],_ divided by [C].. when p = 0 {no channelling) and &
is the value of J, ., divided by J., whea p={The proportion of flux
through the channel is modulated via parameter p. Other parameters as
listed in the legend of Table 1.
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Fig. 7. Maximal relative steady-state concentration of pool metabolite -
(o), ) and maximal relative steady-state J,., (b))} as a function ¢ v,
At each value of V. ay,, and &,,,, were arbitrarily taken to be o and ¢
at p = 10000 which. in this case, slightly underestimates the true value of
@, and dr‘,,_. .. All other parasneters as described in Table 1.

coefficient ¢ is defined as the ratio of total (net) flux at a
certain value of p to the total flux without the channel.
Fig. 6 shows the dependence of a and ¢ on p for the data
of Table 1. The value of & when p tends to infinity. a .
is a function of (but not only of) the catalytic capacity cf
the last step (V in this model), as shown previously for
other numerical cases [20). The higher V is. the more
effectively does the addition of a channel decrease the
intermediate pool concentration. Such a dependence is
shown in Fig. 7. In this particular case, channelling only
has a substantial effect when V is higher than approxi-
mately 1: when it is equal to or higher than 10, the
reduction in the concentration of the pooi intermediate is
by two orders of magnitude. Thus we see from the data
displayed in Table | and Figs. 6 and 7 that it is possible to
have a channel that reduces an originally large concentra-

tion of the free (pool) metabolite by two orders of magni-
tude.

4. Discussion

The literature is rich in suggestions for the possible
advantages of mctabolic channelling for cellular
metabolism (e.g., [11-18]). Nonetheless, however attrac-
tive the term ‘advantage’ might be. we think it is more
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appropriate at this stage to think simply in terms of the
“effects” or “consequences’ of metabolic channeliing [54],

More specitically, the issue addressed bere is: can an
increased proportion of channelling flux be accompanied
by decreused concentration of the intermediate metabolite?
In a previous paper [20] we showed numerically that for
some examples it can.

Our previous resuits [20] were challenged in [21] by
arguing that the changes in pool size that we had observed
when modulating the extent of channelling were due to
changes in the net flux. This interpretation is based on the
fallacy that one variable (in this case the net flux) can
control another variable (the pool size). This is a very
important issue which (in a biochemical context) has becn
addressed by Metabolic Conwrol Analysis (e.g.. [47]):
changes in the initial concentration of any variable canpot
affect the steady-state magnitude of any other variable
(except for systems which are inhesentt; multi-stable and
in which the perturbation pushes the system away from the
original basin of attraction — see [45.46]). In other words.
no changes in the steady-state magnitude of a variable (in
this case the concentration of the intermediate metabolite)
can be accounted for in terms of heing caused by other
variables (the net flux), since they are both effects rather
than causes. Effects can only be accounted for by (changes
in) parameters. Changes in ¢. which is also a parameter.
can cause changes in intermediate concentrations as well.
Simultaneous changes in p and g designed to make the
net flux constant means that any effects are due to changes
in both p and q.

Consequently. when the interest lies in two variables of
the system {i.e.. the proportion of channelling flux and the
intermediate metabolite concentration) one is really asking
for a comparison of the responses of the two variables to
the parameter change. Hofmeyr et al. [49] have defined the
infinitesimal equivalent of this comparison as the co-re-
sponse coefficient.

In gencral. co-responses depend ou the parameters that
are modulated. By stating that they have given a general
proof that channelling has no effect on the intermediate
meiabolite concentration at constant nei flux. the authors
of {21] suggested otherwise. Is the co-response of chan-
nelling hux and intermediate metabolite concentration in-
deed an exception and independent of which parameters
are changed?

Both analytically and numerically the present paper
disproves this possibility: the variation of the intermediate
metabolite concentration with channelling depends greatly
on how channelling is increased. Indeed. [C] can rise. fall
or remain constant. with increased channelling flux (at
constant total flux).

ccordingly, we have shown analytically that for any
implementation of the model of Fig. la. there are ways to
increase the channelling flux and decrease the concentra-
tion of the intermediate metabolite C at constant net flux.
This answers the issue raised (can channelling be accom-
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panied by a decreased intermediate metabolite corcentra-
tion?} in the affirmative,

In [21]. it was assumed that the only legitimate way of
enhancing channelling flux is to simultaneously decrease
tae rate constants K, .. A_,. k,,. and &k _,. by the same
factor and increase the rate constants &, .. k_;. k4. and
& _4. by another factor, In particular the authors criticised
calculations in which we had changed k,, and k_,. at
constant k. /k_,.and k. ,/k_,. adjusting p to maintain
the net flux constant. The authors of [21] took refuge in an
incomplete representation of the present Fig. 1b and *dem-
onstrated” that in that figure. where channelling is absent,
the same parameter change would also lead to a decrease
in [C]. In [21], this was attributed to **the cross-over effect
of changing relative aciivities of two enzymes™'. The attri-
bution was necessarily incorrect, since the cross-over ef-
fect is defined [23} (and see [24.25,55]) as the relative
effect of the modulation of the activity of a single enzyme
on metabolites upstream and downstream of that enzyme.
Such a modulation does change the total flux and is hence
inconsistent with the boundary cenditions that we imposed
and to which the calculations met essentially. In the pre-
sent paper we have presented additional modulations, that
do not correspond even to what were referred to as ‘cross-
over effects” in [21). For instance. increasing the stability
of the E,CE, complex (Fig. 3) can lead to a negative
co-response of channelling flux and intermediate metabo-
lite concentration, and so could simultaneous and equal
modulation of £ ,. k_,. k.. and k_, at constant supply
of substrate (Fig. 5). Using a temporal analysis. Easterby
[60] has also pointed tu some of the fallacies of the model
in [21].

Perhaps most revealing is our result that even the
modulation of channelling proposed in [21] leads 1o a
decrease in intermediate metabolite concentration with in-
creased channelling (see Eq. 24), except in the special case
of no consumpiion of the intermediate C by side-reactions.
Notably. the modulation applied here is the same as that
proposed in [21] with the provision that. in this more
general case of a branch from the pathway. not only the
net pathway flux but also the branch step flux is kept
constant.

For a genuine study of the effect of channelling on a
pool size we must modulate only p. If changes in p also
affect the net flux this merely confirms that flux is a
vatiable. not a parameter. Therefore the correct conclusion
is that channelling can decrease the pool size [20] und
increase the flux (contrary also to what was stated by [S6]).
Heinrich and Schuster [57). based on a similar model to
that of [21] in which the conservation of enzyme species
was ignored, came to the same conclusion as the latter
authers (ie., that channelling would not be able 1o de-
crease the pool size at constant overall flux). Nonetheless,
they also stated their belief that **(...) flux enhancement is
likely to be the most important advantage of channelling
(.7 [57). It seems obvious to us that if the question of

interest is whether adding a channel to an otherwise ‘naked’
pathway affects concentrations or fluxes. cases in which
the net flux is arbitrarily forced to be constant by simuita-
neously modulating other rate constants are rather irrele-
vant. At all events. we have shown that the way in which
the flux is controlled (at a constant value) influences the
outcome of the experiment (Figs. 3-5).

A similar argument to that in [21] was previously raised
in [57]. but this was based on a unrealistic model of
dynamic channelling. In the latter paper it was considered
that channelling consists of a simple branch separating a
pool mechanism from a direct transfer mechanism, con-
verging again further downstream. However this is an
incorrect assumption as it ignores mass conservation rela-
tions and the fact that a substrate-enzyme complex reacts
with a free enzyme (step 7 in our model, see Fig. 1). Also
here. only if all the rate constants of one branch were
multiplied by the same scalar did the pool size remain
constant at variable channel flux. As pointed out in [57],
double modulations of the type described in [2i] result in
an effective ‘decoupling’ of the branch where the interme-
diate is released to the "bulk’ solution from the channel
[57]; in such conditions varying the parameters on the
channe! branch cannot affect variables on the pool branch.
This results, in fact, in a circular argument in which one
ensures that there will be no changes in the pool size (by
applying such a special modulation) to prove that the pool
size does not change.

In summary, we may conciude that the effectiveness of
channelling in decreasing a pool, even at constant flux, is
very much a reality,
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Appendix A
A.l. Derivation of Egs. 26 and 27

We begin by writing down the relationships between
the logarithmic changes in net flux J,, and the parameters
p and ¢, and of the the logarithmic changes in the
concentration of the pool intermediate C ([C]) and the

parameters p and g:
dinJ,, = (C{™e] + ™'} )dinp
+ (CI{M!S‘] + C_'{“u&‘; )dlnq (Al)

f

net
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din[C] = (CL‘.ls,f + e} )d'mp
+(Ce} + Ci¢e )dIng (A2)

where C} represents the control coefficient of variable j

with respect to step i defined as follows:

ci dinj A3
P Gy, (A3)

and &, the elasticity coefficient of step i with respect to

parameter k defined as follows:

; diny, Ad
£ = Gt (Ad)
For a double modulation to be effected at constant net
flux (dInJ,, = 0), ¢ must be adjusted following a change
in p. Setting the RHS of Eq. Al 10 zero and solving for
ding/dIn p, one obtains:

ding _ C,’““‘s,’, + C,{“"ﬂe,‘,‘ .
Tnp G 4 civigs (A5}
p 3 %y + Zy
Using Eq. AS, one can recast Eq. A2 a«:
din[C]
= clc1.? C).8
dnp Clfe] + Clfle}
_ (A (el + ciey)
Clmig 4 CI™ie?
(A6)

If the elasticities of each of the steps 3 and 4 to ¢ and of
the steps 7 and 8 to p are unity, Eq. A5 reduces to:

din[C] (Cl,cl + C!,CI)(C.f“"" + Cé'nu)
dlnp C:J’flﬂ + C‘.‘Incl

= Clo1 + ¢l ~

(AT)

which is the same as Eq. (5) of [21], and then (and only

then) one could carry on and arrive at Eq. (9) of [21], i.e.,
din[C]

dinp
We obtain Egs. 26 and 27 by setting the relevant
elasticities in Eg. A7 to zero and |, as follows:If s’,: = s:
# l,6; = 5] = 1 we have:

dln[C]
= IC1.7 Cj.8
dnp Clflg] + ¢iFle?
(CI1+ O (Ci™e] + ci™iet)
- Jnet *Jnet (AS)
Ci™+ )
If s;,‘ = e':; = 0,:~:,;1 = s; = | we hav.:
din{C ciclcy™
L =clei- _5_% (A9)
dinp ™

which are respectively Eqs. 26 and 27 of the main body of
the text. In the case of both Eq. A8 and Eq. A9, one cannot

use the branch theorems [25.58] to further simplify them.
in contrast to the special case of Eq. A7.
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