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Abstract

For an ‘ideal’ metabolic pathway, genetic modulation of the enzyme concentration and titration with different types of specific
inhibitor all leads to the determination of the same quantitative indicator of the extent to which an enzyme controls the flux and
metabolite concentrations: the control coefficient with respect to the enzyme concentration. By contrast, for a group-transfer pathway
these methods reveal various modes of the control exerted by an enzyme on the flux and on the concentrations of pathway components.
Modulation of gene expression allows one to determine the (classical) control coefficient with respect to the enzyme concentration.
Titration with inhibitors (competitive or uncompetitive) that do not bind to enzyme-enzyme complexes leads to information on the
classical control coefficient of the inhibited enzyme and on the relative concentrations of its different forms. Should such inhibitors be
irreversible, the classical control coefficients can be measured directly. Titration with a purely non-competitive inhibitor (binding to all
the complexes of the target enzyme) reveals the impact control coefficient, a measure of the total kinetic effect of that enzyme on the
system. Combined approaches applied to intact systems will detect an expected variety of control properties that cannot be measured after

the system has been disassembled.
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1. Introduction

Recent developments in metabolic control theory have
addressed highly organized cellular structures involving
enzyme—enzyme interactions and complex formation [1-6].
The control properties of these cellular systems may differ
drastically from those of ‘ideal’ metabolic pathways. In
particular, it was shown [5], that the control exerted by
enzymes on the flux in a group-transfer (or relay) pathway
can add up to 2 rather than the 1 expected by the tradi-
tional theory.

Group-transfer pathways are important features of cellu-
lar metabolic and signal transduction systems (see [5] and
references therein). A group-transfer pathway can be con-
sidered as a perfect dynamic channel in which a trans-
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ferred group is not released into the bulk aqueous phase
until it reaches the end of the reaction sequence. Upon
bimolecular collisions the adjacent enzymes may form the
enzyme-enzyme complexes. In a simple control analysis
treatment of [S], however, the mean lifetime of these
complexes was considered as negligibly small.

In the companion paper [7] we developed a comprehen-
sive control theory for such pathways and showed the
functional consequences of changes in the lifetime of
enzyme-enzyme complexes for the control. In the present
paper we show how, in principle, the control properties of
the group-transfer pathway can be measured. We consider
genetic modulation of the concentrations of pathway com-
ponents, titration with specific inhibitors of the enzymes,
as well as other external modulations. Importantly, the
information on control obtained using different methods is
not duplicative but complementary: an extended control
analysis of a relay pathway should reveal aspects both of
regulation and of mechanism.
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2. Results

2.1. Diverse modes of flux control as revealed by specific
inhibitors

Titrations with inhibitors specific for single enzymes
have been used to determine the control coefficients of
enzymes in a pathway [8—12]. In ‘ideal’ metabolic path-
ways (see [27] as a review), the control coefficients deter-
mined in this manner do not depend on the particular
mechanism of the inhibitor action [8,13]. That is, if the
derivative of the flux with respect to the inhibitor concen-
tration is normalized by the elasticity of the ‘isolated’
reaction to this inhibitor, one obtains the same value of the
enzyme control coefficient for different types of specific
inhibitor. Moreover, in such ideal pathways (in which
reaction rates are proportional to enzyme concentrations)
the latter value coincides with the value of the control
coefficient measured by a direct modulation of the enzyme
concentration.

We shall analyze the response of group-transfer flux to
different types of specific enzyme inhibitor. There are
various mechanisms of inhibition that are commonly de-
scribed in terms of their effects on the initial rate of the
enzyme reaction (see, e.g., [14,15]). For the pathways
considered here this variety is even greater than for the
enzyme reaction in ‘isolation’. Since any enzyme in a
group-transfer pathway interacts with the adjacent en-
zymes, the response of the flux depends strongly on how
an inhibitor affects the enzyme-enzyme complexes.

Specific inhibitors may often not be available. Yet, the
analysis presented here will clarify why the control of
group transfer flux appears in different modes and how
these modes can be related to each other and to the
classical enzyme(-concentration) control coefficient.
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Purely non-competitive inhibitors

In the traditional case where roles of enzyme and
substrate are clearly separable, a non-competitive inhibitor
does not displace metabolites from their binding sites in
the enzyme molecule. A purely non-competitive inhibitor
is usually considered to affect only the V__  in the steady-
state rate equation (cf. [15]). Extrapolating this meaning of
non-competitiveness to group-transfer pathways involving
enzyme-enzyme interactions we shall consider such a
purely non-competitive inhibitor to possess the following
properties: (i) it binds to all the enzyme forms (the differ-
ent states in the kinetic scheme) with the same binding
constant, (ii) its binding to any enzyme form transforms
the latter into an inactive state, (iii) its binding does not
change the ability of the enzyme to form complexes with
the adjacent enzymes of the group-transfer pathway.

Fig. 1 shows the group-transfer pathway where the
enzyme { is affected by such a purely non-competitive
inhibitor (17°, the upper index ‘nc’ specifies the type of the
inhibitor). A group P is transferred between r pathway
enzymes from the donor SP to the ultimate acceptor W.
The enzyme-enzyme complexes are designated by Q, =
E,PE,, ;. We use the same notations as in the companion
paper [7], to which the reader is also referred for more
detailed definitions. The expressions for the rates of the
elemental steps {(processes) are:

—] + . . — - .
vyioy=kyi B PE —ky Qi

2i=ky Qi —hy E_EP,(i=1,.,r+1) (1)
Here and below, the concentrations of different enzyme
forms are denoted by the same symbols as the forms
themselves (Fig. 1). The concentrations of the boundary

substrates (which are taken to be constant) are designated
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Fig. 1. Group transfer pathway where a single enzyme (i) is affected by a purely non-competitive inhibitor (I°). A group P is transferred between r
enzymes (i = 1, 2,..., r) from the initial donor (SP) to the ultimate acceptor (W). E; and E,P are the forms respectively free and complexed with P, of
enzyme i; Q, = E,PE,, , are the enzyme-enzyme complexes. E, I}, E, P}, Q,1}° are the corresponding inactive forms which have bound the inhibitor.

Uy, Uz, - Ugpyy are the rates of the elemental processes.
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as E,= S, E,p=I[SP], E. ., = W], E ., P= [WP]. At
steady state, all rates are equal:

v,=J, foralli=12,.2r+2 (2)

There are r moiety-conserved cycles in a group-transfer
pathway each of which corresponds to the conservation of
the total concentration (e;) of one of the r enzymes. The
effect of a change in the enzyme concentration (e,) on the
group-transfer can be quantified by the enzyme(-concentra-
tion) control coefficient [16]:

c di/J  dlnlJ| . dx/x  dinx
“ de,e, dlne,’ * dese, dne,

(3)

where J and x are the steady-state flux and the concentra-
tion of a pathway component, respectively.

Determination only of the enzyme(-concentration) con-
trol coefficients does not suffice for the description of the
control properties of group-transfer pathways [17,27]. Also,
the control coefficients of the elemental processes should
be considered {7,17]:

J_ (dlnl]l/dpl)sys X — (dll'l xk/dpi)sys
vy (6 lnluil/api)proc > M, (a 1nlvi|/api)proc

where parameter p, affects the process v; only. Subscripts
sys and proc refer to the different differentiation condi-
tions; i.e., allowing all variables to change until the new
steady-state is attained (sys) versus keeping all the vari-
ables that affect the process v; constant ( proc).

After a certain amount of a purely non-competitive
inhibitor (I7°) of the enzyme i has been added to a system
(see Fig. 1), and the system has relaxed to a new steady
state the concentrations of the inactive enzyme forms are
related to the corresponding active forms by:

El/E,=E/PI'/EP
=Q, (1/Qi 1= Q1" /Q, =1 /K],
(i=1.2,..7) (5)

where K[ is the inhibition constant, and I is the free
inhibitor concentration. Thus, adding I'° effectively re-
sults in the following decrease of the total active concen-
trations (e;_,, e, and e, ,) of the enzymes i-1, i and
i+1:

e (1) =€, = Qi II /K],

0

(4)

e;
A1) = _’_’

el( i ) 1 +Il"C/KlﬂC

ei+1( Iinc) = e?+1 - Q- I"/K,

(i=23,.r—1) (6)

where e’ ,, e’ and e, designate the conserved total
concentrations of all the forms of the enzymes i — 1, i and
i + 1, respectively (i.e., their total active concentrations at
zero inhibitor concentration). For specific inhibitors of the
initial (i = 1) and ultimate (i = r) enzymes of the pathway

only the total concentrations (e,, e,) and (e,_,, e),
respectively, decrease according to Eq. (6), see Fig. 1.

In the steady state the flux J is a unique function of the
parameters e; (and the rate constants of the elemental
steps). Hence, the response of the flux to a perturbation
caused by the addition of an inhibitor can be represented in
terms of the control coefficients of the perturbed enzymes,
(Eq. (6)), and the corresponding elasticity coefficients (0
Ine;/d 1), [18]:

dInlJ| dlne,_, dlne,;
e = = . c’.
i nc e;_ ne €; nc
! dl; il al; S/ §
dine,,,
+C! o — 7
€it1 aIl_nc ( )

To avoid ambiguity connected with the log derivative at
I' =0 here we use the derivative with respect to the
inhibitor concentration itself rather than the logarithm
thereof. Considering the initial slope (dJ/dI at I — 0)
of the titration curve (J(I")) we have from Egs. (6), (7):

Qi
=|{c] -——+Cl+C]

. ) ( —1)
=0 i+1 ) nc |’
€1 e K;

(i=23,.,r—1) (8)

where all the concentrations correspond to zero inhibitor
concentration, I, = 0. This equation shows that, even if a
non-competitive inhibitor is specific for an enzyme (i), its
effect on group-transfer flux is not just determined by the
control coefficient of that enzyme (C?). In fact, it may be
considerably larger, as it also comprisés control exerted by
other enzymes complexing with the former enzyme (C j .
and Cej,. +|)' This reflects the feature of group-transfer path-
ways that the elemental transitions usually involve two
enzymes.

For the responses of the flux to specific inhibitors of the
initial (i = 1) and ultimate (i = r) enzymes, we have:

J
Ry

o -1
J _ J J
Rl{" =0 Cel + Cez ’ e—2 ) Kre (9)
Qr-l -1
ler"c =0 = (C;’Ir—l ) e, + Ci{r ’ Kne ’ (10)

When the group transfer does not involve significant for-
mation of complexes of the participating enzymes, the Q’s
in the above equations may be neglected. Then, the re-
sponse coefficient to a non-competitive inhibitor does re-
turn to the control coefficient of the target enzyme (multi-
plied by the inhibition constant). Notably, this is the case
where the sum of the enzyme control coefficients becomes
2 [5,7].

Mimicking the effect of a purely non-competitive inhibitor
as an apparent perturbation in unidirectional rate con-
stants. Binding of an inhibitor followed by the formation
of inactive enzyme-inhibitor complexes has been described
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above as an apparent decrease in the total concentration of
the enzyme. Appendix A shows an alternative way of
viewing such an inhibition, i.e., as an apparent perturbation
in the rate constants of the elemental processes, the total
active concentrations of the enzymes remaining un-
changed, as if no inactive enzyme forms were present. To
apply such an approach to a purely non-competitive in-
hibitor (see Fig. 1), we represent the active concentration
of all forms of the enzyme i by the following functions of
the inhibitor concentration, 1",

E/E' =EP/EP"

= Qi—l/Qi*—l =0.,/0/ = 1/(1 +Iinc/KinC),
(i=12,..r) (11)

where the concentrations denoted by asterisks are the sums
of the active (e.g., Q,) and inactive (Q,I) concentrations
of the corresponding enzyme forms. The following proper-
ties of the ‘asterisk’ concentrations are important: (i) being
substituted into the moiety-conservation relations they con-
tribute to the non-perturbed total enzyme concentrations,
e, at any inhibitor concentration, (ii) at I =0 they
coincide with the non-perturbed concentrations of the cor-
responding forms.

Substituting the active concentrations as represented by
Eq. (11) into the rate expressions (Eq. 1), one can see that
only the rates v,;_,, Uy, Ug;41s Uzi42 Will depend on I}
Notably, this dependence is equivalent to decreasing all the
forward and backward rate constants, k,»*, ki, j=2i~ 1,
2i,2i+ 1, 2i + 2, by the same factor (1 + 17 /K°):

kT -
k(1) = ———— k7 (I') = ——2——
) = ey K UE) = e e

(12)

Then the corresponding elasticities of these rates with
respect to the inhibitor are equal to:

d Inv;] 1 -1
e  1+Ir/KM | K
(j=2i—12i2i+12i+2) (13)

These Eqns. (12) and (13) demonstrate how one may
mimic the effects of a purely non-competitive inhibitor by
changing a proper set of unidirectional rate constants.

Relating the control by enzymes to the control by the
elemental processes: the impact control coefficient. The
procedure outlined above allows one to calculate the elas-
ticity coefficients of the elemental processes with respect
to the inhibitor, Eq. (13). Now we shall make use of Eq.
(13) to express the response of the flux to inhibitor (7*) in
terms of the control coefficients of the elemental processes

and their elasticities to this inhibitor. Applying the re-
sponse theorem, [18], one obtains:

2r42 d1nlv,|
R{"‘ nng Z CLJ ne
CHEe S e =9
-1
=(cl,  +cl +cl +Cl )
2i—1 2 2i+1 2i+2 K:IC
(i=12,.,r) (14)

Whilst Eq. (8) expressed the response to a non-competi-
tive inhibitor into the control exerted by three adjacent
enzymes, Eq. (14) expresses that response into the control
by four elemental reactions (steps) in which the inhibited
enzyme is involved. In line with the accompanying paper
[7], equating the right-hand sides of Egs. (8) and (14) gives
useful relationships between the control by the enzyme
concentrations and by the individual steps (see Appendix
B).

The sum in the right-hand side of Eq. (14) represents
the impact control coefficient of the enzyme (i) [17]. This
impact control coefficient was introduced in [17] as a
quantitative indicator of the total impact enzyme i has on
the flux via all e;-dependent elemental processes, i.e.,
Upi_1s Ugss Ugiy1s Ugiqp i the pathway under considera-
tion. We conclude that titrations with non-competitive
inhibitor turns out primarily to lead to this impact control
coefficient:
impCeJi = C‘{m—x + C')jzi T Cl{zzu + CJ

V2i+2

(15)

where dJ /dI°|i=~0 is determined by the initial slope of
the titration curve. Note, that in ideal pathways such
titrations would lead to the classical enzyme control coeffi-
cient (C/) as it would be measured using the same expres-
sion in the right-hand side of Eq. (15), see [8].

Combining Egs. (8) and (14) allows one to express the
impact control coefficient into the classical control coeffi-
cients. Whenever the enzyme associates with its neighbor-
ing enzymes, the control exerted by the latter contributes
to the impact of the former. Consequently, the impact
control coefficient can differ drastically from the control
coefficient with respect to the enzyme concentration [6,19].
Importantly, the sum of the impact control coefficients (as
can be measured by using purely non-competitive in-
hibitors) always equals 2 for group-transfer pathways inde-
pendently of the extent of formation of enzyme-enzyme
complexes [6].

Purely competitive inhibitors
A purely competitive inhibitor competes with a sub-
strate (product) for the binding site of the latter at the free
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Fig. 2. Schemes of binding (a) a purely competitive inhibitor (I) and (b)
a purely uncompetitive inhibitor (I}°) to the enzyme i. E,I{ and E,PI}¢
are the corresponding inactive forms which have bound the inhibitor.

enzyme molecule and affects only the parameter K, of the
steady-state rate equation (cf., [15]). Generalizing this defi-
nition to group-transfer pathways we shall consider such a
purely competitive inhibitor (I¢) of the enzyme i so as to
bind only to the free form, E;, which is not complexed
with any other pathway ‘metabolite’ (Fig. 2a). It will be
assumed that binding I to E; transforms the latter into an
inactive state (which is unable to participate in the corre-
sponding reactions of the group transfer).
Since a single inactive form exists (Fig. 2a),

EIf=E I /K], (16)

only one total concentration, e;, depends on the concentra-
tion of the purely competitive inhibitor, I, with the
inhibition constant, K¢,

€i=e?_Ei'Iic/Kic’ (17)

Representing the response of the flux to the perturbation
(17) in terms of the control coefficient of the enzyme i we
have:

E.

I —1 .
15=0=Ce’,-' - ( K ) (i=12,.,r) (18)

H

J
le

Comparison to the corresponding effect for the non-com-
petitive inhibitor (Eq. (8)) reveals the central aspect of this

paper: even though both inhibitors are specific for the
same enzyme, they do not measure the same control. The
competitive inhibitor does specifically reflect the control
exerted by its own target enzyme, modified by the fraction
of free enzyme (Eq. 18), whereas the non-competitive
inhibitor also reflects control by adjacent enzymes in the
group-transfer pathway (Eq. 8).

Mimicking the effect of a purely competitive inhibitor as
an apparent perturbation in two unidirectional rate con-
stants. To analyze the inhibition of the flux by a purely
competitive inhibitor, I§, (Fig. 2a) as it would be caused
by a perturbation in the rate constants, we write the
concentration of the active form, E;, as (see Appendix A
and Eg. (16)):

E/E; =1/(1+1{/KY) (19)

and substitute it into the rate Eqn. (1) (the concentration
denoted by asterisk is the sum of the active and inactive
concentrations). In this case, only the rates v,;, ; and
Uy;,, Will depend on I, effectively through decreasing
the rate constants k3,_, and k,,, by the factor (1 +
If /KD

+ —
k2i71 k2i+2

k;i—l(lic) = 141 /K¢ > k2_i+2(1ic) = 141 /K° ’

so that the corresponding elasticities read:

d1Inlvy; 4l k3, E_P-E -1
aIiC [?:0— Uai-1 ch |

d1nlvy; 5| Kyivo E; E; (P -1
aIf =0 V2i+1 K;

Expressing the response of the flux to the perturbation of
these rate constants and using the same principles as
above, we have:

J
Ry

=0

E;
7 (Clj ’ ;i-1 'Ei—IP_Cl‘,'lzl+2'k2i+2'Ei+1P)

2i—1

-1
( ) (i=12,...r) (20)

K

Notably, a competitive inhibitor does not reflect the con-
trol exerted by all elemental steps in which its target
enzyme participates, but just two of these.

Eq. (18) expresses the response of the flux to a competi-
tive inhibitor into the control coefficient of the affected
enzyme and the relative fraction of the enzyme which has
not bound any metabolite. Eq. (20) relates the same re-
sponse to the control coefficients and the local kinetic
properties of the elemental processes in which this particu-
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lar enzyme form (which is affected by the inhibitor)
participates (see also Appendix B).

Purely uncompetitive inhibitors

A purely uncompetitive inhibitor is considered usually
as an inhibitor which binds exclusively to the enzyme-sub-
strate complex [15]. Here we shall consider such a purely
uncompetitive inhibitor (I¥) that binds and inactivates
only the form, E,P, of the enzyme i, i.e., to the enzyme
which has already bound the transferring group P (see Fig.
2b). Then only a single inactive enzyme form exists (cf.
Eq. (16)):

EPI'=EP-I'/K}* (21)
Similarly as above, considering the response of the flux
to the inhibitor (I}°) as the response to a decrease in the

total concentration (e;) of the enzyme i, one obtains (cf.
Eq. (18)):

-1
KiuL‘

e =CJ .
18=0 ‘g,

J
Rju

), (i=12,..7) (22)

Comparison Eq. (22) to Eqgs. (8) and (18) reveals that
uncompetitive inhibitors uncover yet another face of flux
control, i.e., that of the affected enzyme, multiplied by the
fraction at which it carries the transferred group.

Mimicking the effect of a purely uncompetitive inhibitor as
an apparent perturbation in unidirectional rate constants
To mimic the inhibition by a purely uncompetitive
inhibitor, I}, (Fig. 2b) as it would be caused by a pertur-
bation in the rate constants we express the concentration of
the active form, E P, as (see Appendix A and Eq. (21)):

EP/EP* =1/(1+1'/K!), (23)

Substituting it into Eq. (1) one can see that only the rates,
v,; and vy, will depend on I through a decrease in
the Kkinetic constants, k;; and k;,,,. Again using the
response theorem [18] one will have (cf. Eq. (20)):

EP
c/ 'k2+i+1'Ei+1_cl{2,'k5i’Ei—1)

J S (
Rl," 1#=0 J Lot

x ( ;1 ) (i=12,7) (24)

Inhibitors with the inhibition constant comparable with or
much smaller than the concentration of the affected en-
zyme: tight-binding and ‘irreversible’ inhibitors

Now we focus on the advantages of using so called
‘irreversible’ inhibitors for studies of the control structure
of group-transfer pathways. We shall still consider the
different types of inhibitors analyzed above, but now with
the inhibition constant, K;, comparable with the concentra-
tion of the ‘target’ enzyme, so-called tight-binding in-
hibitors. In addition, we shall consider inhibitors with the

inhibition constant tending to zero, K; — O, therefore lead-
ing to very tight, in the limit to irreversible, binding.
Notably, using this approach we can also analyze the
effects of ‘true’ irreversible inhibitors which form covalent
bonds with the enzyme molecule. We show, that contrary
to the classical view, marked differences exist between the
responses of group-transfer pathways (and other ‘non-ideal’
pathways) to the different types of irreversible inhibitors.

The formulas for the response of the pathway flux to
inhibitors obtained above are applicable only if the inhibi-
tion constants are significantly greater than the concentra-
tion of the affected enzyme, K> e, If this is not the
case, the above formulas for R,’ should be modified, as we
shall now specify. l

In the case of a ‘tight-binding’ inhibitor with K, com-
parable with the enzyme concentration, one can no longer
neglect the difference between the total concentration (1)
of the added inhibitor and its free (/) concentration.
When the dependence of the flux (J) on the inhibitor
concentration (/;) is measured (the titration curve) I, is
considered as the total inhibitor concentration. Also, the
response coefficient, R7, is defined in terms of the corre-
sponding derivative with respect to the total inhibitor
concentration. However, in the dependencies given above
for the enzyme concentrations and reaction rates on the
inhibitor concentration, I,, (see, e.g. Egs. (6) and (12)), the
latter was considered to equal the concentration of the free
inhibitor (If). Therefore, the partial derivatives of the
enzyme concentrations and reaction rates with respect to /;
(the elasticity coefficients derived above, see, e.g. Eq.
(13)) are actually the derivatives with respect to 1. Hence,
to express the response coefficient, Rj, in terms of the
elasticity coefficients with respect to the free inhibitor
concentration, I, these elasticities should be multiplied by
the correction factor 1 /dl,. Consequently, after multiply-
ing the right-hand sides of the equations above for the
response of the flux (e.g., Egs. (8)-(10), (14)) by this
factor, the expressions for R,Ji will remain correct even
when concentrations of the free and total inhibitors cannot
be considered to be equal [4]. Note, that the value of the
factor 9l /dI; depends on the type of the inhibitor added
(see below).

In the case of a tight-binding purely non-competitive
inhibitor, the relationship between the concentrations 1
and 1™ reads (see Egs. (5)):

I[nc — Iinc,f+ EiIinc + Qi*llinc + EiPIinc + QiIinC

e.
=7l 1+ —|, 25
et 1+ (3)
So that,
A farne = ——— 26
e K +e; (26)

The modified equation for the response of the flux to a
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tight-binding purely non-competitive inhibitor reads (cf.
Eq. (14)):

dn|J|
1M=0 = dlc

I

J

ne
1

r"e=0
= (Clj’zx—l + ngi + CLJ‘::H T CJ )

P2it+2

K +e

—1
(___) (i=12,.,r) (27)

If K™ > e, we retrieve Eq. (15). In the case of an
irreversible purely non-competitive inhibitor (K — 0) one
obtains from Eg. (27) (cf. Eq. (15)):
ey _ _ A

“i Jooodr

(28)

I’_nc =0

where index ‘end’ refers to the inhibitor concentration
required for the complete inhibition of the enzyme i (in
practice this concentration is determined from the titration
curve as an intersection of two extrapolated lines, see, for
example, the figures in [8,11]). Again, similar to the case
of Eq. (15), one can see that the right-hand side of Eq. (28)
is identical to the expression for the enzyme control coeffi-
cient as it would be measured using an irreversible in-
hibitor in the classical approach [8]. However, for a
group-transfer pathway it follows from Eq. (28) that with
an irreversible purely non-competitive inhibitor (which
binds also to enzyme-enzyme complexes) the same mea-
surement gives the impact control coefficient of the en-
zyme.

In the case of a tight-binding purely competitive in-
hibitor, the following relationship between the concentra-
tions I°" and I holds true (see Eq. (16)):

E.
Iic=lic,f+Ei1iC=Iifsf. 1+_[c.)’ (29)
K;
so that,
1) /o1¢] = —— 30
[151/910) = (30)

Hence, the response of the flux to a tight-binding purely
competitive inhibitor is equal to (cf. Eq. (18)):
1 E

= — ‘] PE—
I=0 Ce,

e . K{+E,

!

i

J
R}

(31)

For the case of an irreversible purely competitive inhibitor
(i.e., K{ < E,) one obtains from Eq. (31):

CJ endIig dJ
“ 7 dIf

i |If=0

(32)

Comparing Eq. (32) with Eq. (28) we conclude that the
same experimental procedure with the same calculations
(which for an purely non-competitive irreversible inhibitor
led to the impact control coefficient) now using a purely

competitive irreversible inhibitor allows one to measure
the (classical) control coefficient with respect to the en-
zyme concentration. Such a difference between the experi-
mental estimations of the control coefficients has already
been emphasized for the case of pathways with high
enzyme concentrations and moiety-conservations [20]. The
differences that exist for such ‘complex’ pathways when
titrating with different types of reversible inhibitors persist
in case of irreversible ones [4,20].

The modified equation for the response of the flux to a
tight-binding purely uncompetitive inhibitor reads (cf. Eq.
(22)):

, 1 E.P
K™ +E,P

=0 ] e

R {'\IC

(33)

One can see from Eq. (33), that in the case of an irre-
versible purely uncompetitive inhibitor (i.e., K < E, P),
Eq. (32) remains valid,

S P
c! 7A@ | (34)
We conclude that in group-transfer pathways the
(classical) control coefficient with respect to the enzyme
concentration can be directly measured using irreversible
inhibitors which do not bind to enzyme-enzyme com-
plexes. Either irreversible purely competitive or irre-
versible purely uncompetitive inhibitors (but not non-com-
petitive inhibitor which binds to enzyme-enzyme com-
plexes) can be used. For the pathway under consideration
no differences exist between these two types of inhibitors.

Differences between the various modes of control exerted
by the same enzyme in a relay pathway: an illustration
We shall illustrate the differences between the control
coefficients measured by different inhibitors in an example
of a group-transfer pathway involving two enzymes (Fig.
3). We shall simulate numerically the effects of different
inhibitors specific to the enzyme 1: (i) a purely non-com-
petitive inhibitor in order to estimate the impact control
coefficient (see Egs. (15) and (28)), and (ii) an irreversible
purely competitive or imreversible purely uncompetitive
inhibitor to estimate the (classical) control coefficient with
respect to the enzyme concentration (Egs. (32) or (34)).

Va2 V3 M3
s TEIPT EZY L d
Sp El EZP L}
vy \ o
Fig. 3. An example of a group-transfer pathway of two enzymes. (Nota-
tions are the same as in Fig. 1.)
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CONTROL COEFFICIENTS
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Fig. 4. Various control coefficients of the same enzyme can differ
drastically in a group-transfer pathway. The impact control coefficient
(dotted line) was estimated from the dependence of the pathway flux on
the concentration of a purely non-competitive inhibitor. The control
coefficient with respect to the enzyme concentration (solid line) was
estimated from this dependence for irreversible purely competitive and
irreversible purely uncompetitive inhibitors. The concentrations of the
enzymes were taken to be equal and were changed proportionally. The
parameter values were chosen as follows (dimensionless units): ;" = 100,
ky =50, k3 =k; =20, k3 =10, k5 =01, kf =1, k; =02, k¥ =2,
ky =1, ki =20, kg =10; SP=1,5=0.1, W =1, WP = 0.1, K] = 100.
Calculations used SCAMP [26] and were checked analytically.

Fig. 4 shows the results of estimations of these two control
coefficients and also, how they depend on the total concen-
tration of the pathway enzymes. At very low concentra-
tions the amount of enzyme-enzyme complexes (e.g.,
E.PE,) can be neglected as compared to the total enzyme
concentrations, and the classical (enzyme-concentration)
control coefficient approaches the impact control coeffi-
cient [7,17]. Under these conditions (and for the particular
rate constants) the two control coefficients of the enzyme 1
assume high values (Fig. 4). With a proportional increase
in the concentrations of pathway enzymes both the impact
control coefficient (the dotted line in Fig. 4) and the
control coefficient with respect to the concentration of the
enzyme 1 (the solid line) decrease. However, the latter
control coefficient decreases to drastically lower values
than the former. We conclude that in a group-transfer
pathway the differences between various modes of the
control increase with the total amount of enzymes.

2.2. Diverse modes in the control of concentrations

Similarly as for the control of the flux one can analyze
the control of the concentrations of pathway components
by determining their response to specific inhibitors. De-
pending on the inhibitor type some of the enzyme forms
will be affected directly by added inhibitor, while concen-
trations of others will change only due to the transition to
the new steady state. For example, for a purely non-com-
petitive inhibitor (I™) the directly affected forms are E,,
Q,_,, E,P, Q,, and for a purely competitive inhibitor (If)

only E; (cf. Fig. 1 and Fig. 2a). For the control of the
concentrations that are not directly affected by an inhibitor
the formulas derived above for the flux responses can be
readily transformed into those for the concentration re-
sponses. For example, for a purely non-competitive in-
hibitor (1) for all the pathway concentrations (x) except
E, Q;_,, E;P and Q,, Eq. (27) takes the form:

R dn x
e ne— =~T
RO e
=(Cr,  +CL+Cr +CE )
2i—1 2i 2i+1 2i+2
-1 , -1
o —_— =""1PCX. _—,
K +e, “ \K+e,
x#E,Q, ,EP,Q, (i=12,.,r) (35)

For a purely competitive inhibitor, I7, one obtains for
all the concentrations except E,,

X

Iflif=0
Ei x + X -
= T (sz,,l kyoy B P— Coy 2i+2'Ei+1P)
-1
. m y x#Ei,(i=1,2,...,r) (36)

and for a purely uncompetitive inhibitor, I}, one obtains
for all the concentrations except E; P,

EP x + x -
C ’ 2i+1'Ei+1_Cy2,.'k2i'Ei)

i
]iuc=0— J ' ( Pai+1

X
R

s x#+EP,(i=12,.,r)

K!+E,P
(37)

(the correction factors AI%'/dI° and I /01" were
taken into account in these equations).

The situation partly changes for those pathway compo-
nents which are directly affected by /. In this case,
representing the effect of inhibition as a perturbation in the
elemental rates, one should consider the sums of the active
and inactive concentrations of the enzyme forms, i.e.,
‘asterisk’ concentrations (x *), see Egs. (11), (19). Hence,
in the flux response formulas above, the response and
control coefficients of the flux should be replaced by the
response and control coefficients with respect to these
‘asterisk’ concentrations. The response of x* always in-
cludes the direct inhibitor effect:

. dinx* dln x 1) arf
Rx = —— = + —_— R
fln=0 2] P P al; | -0 K, dl; |, o
i 1\ drf
=R’i]1.'=0+ E‘ E (38)
i t ;=0

In the case of a purely non-competitive inhibitor (I7°),
using Egs. (27) and (38), (26) one obtains for the re-
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sponses of the concentrations E,, Q;, ,, E;P and Q, (cf.
Eq. (35)):

;i"c =0 = (1 + C;z.—l + C:ﬁ + C'fzwx T Cjznz)
-1 ‘ -1
- = (1 +"an:) _
K te i K +e,
E Q. EP,Q;, (i=12,.r) (39)

Also here, a purely non-competitive inhibitor does not
measure the concentration control of the target enzyme.
Rather, it measures the impact control coefficient ( ™PC . )
of that enzyme (i) with respect to any concentration, see
Egs. (35) and (39).

For a purely competitive inhibitor (I) one obtains for
the response of the concentration, E;:

E.
Ry

+
15=0 o R E,_,P— Cu2+2

E,
(1+——— (CE
J

'kz_i+z'Ei+1P))' m ,(i=12,..,r)

(40)

and for a purely uncompetitive inhibitor (I}°) one obtains
for the the response of the concentration, E, P,

Rlllf Iuc 0
EiP E,P + EP | k-
={1+ _J—_ ’ (Cuzlxn ’ k2i+1 'Ei+1 - CUzli ’ kziEi)
g p | (i=12er) (41)

However, if one represents the inhibition effect as a
change in the total active enzyme concentrations and ex-
presses the response coefficients in terms of the enzyme
control coefficients, only the active concentrations of the
enzyme forms should be considered. Therefore, the re-
sponse of any concentration expressed in terms of the
concentration control coefficients can be readily obtained
from the corresponding formula for the flux response
above. For example, in the case of a purely non-competi-
tive inhibitor (I™), one obtains for any pathway concentra-
tion (x), cf. Eq. (8)):

0, 0,
Rilppe_y = (C" Ly crvcr -
i-1 ey
1) =25 1 )
. K Te ,(i=23,.,r—1), (42)

x is the concentratlon of any pathway component (E;,
Q- EP Q) j= 7.
In the cases of purely competitive (If) and purely

uncompetitive inhibitors (I'°) one can write for any con-
centration (x):

1 E, .
Ry r—0 = ‘Ce'.—e_».———K-C'FE- (i=1.2,.,r), (43)
X X 1 Et :
12| ue g = -C; - —e: : m (i=12,.r) (44)

We conclude that as with flux control, different in-
hibitors reveal different aspects of the concentration con-
trol by an enzyme in a group-transfer pathway. The (classi-
cal) control coefficient of any pathway concentration with
respect to the enzyme concentration (C;) can be measured
using tight-binding or irreversible purely competitive and
purely uncompetitive inhibitors that do not bind to en-
zyme-enzyme complexes. Non-competitive inhibitors
rather reveal the impact control of the enzyme. As was
shown before for the pathway under consideration, no
differences exist between former two types of inhibitor if
they are irreversible.

2.3. Modulating enzyme concentration

Changes in enzyme concentrations can be achieved by
genetic means, for instance by comparing various hetero-
caryons of Neurospora crassa [21], by causing a gene to
be expressed from a plasmid [22], or by modulating the
expression of the chromosomal gene [23]. Measuring the
responses (R’ and R;) of the flux and pathway concen-
trations to such a modulatlon the classical control coeffi-
cients (C! and C +') with respect to the concentration of the
manlpulatcd enzyme (e,) are determined (see Eq. (3)):

dlnIJI dln x
. =C,.R; = =C; (45)
" dlne CF dne; !

[4

Using this approach one should distinguish between
‘dictatorial’ and ‘democratic’ hierarchies of the control
[24]. In the case of a dictatorial hierarchy the modulation
of the gene encoding the enzyme of interest leading to a
change in the concentration of this enzyme (and, hence, in
pathway metabolites) does not cause changes in the con-
centration of other enzymes, since there is no feedback
from the metabolic level to the higher levels of the control.
Hence, Eq. (45) can be applied directly. In the case of a
democratic hierarchy the modulation of a single gene can
result in changes of the concentrations of several enzymes.
Therefore, the flux and concentration response coefficients
will correspond to the weighted sum of the enzyme control
coefficients each of which multiplied by the ratio of a
change in the concentration of the corresponding enzyme
to a change in the concentration of the reference enzyme.

2.4. Response of the flux to modulation of pathway bound-
ary substrates

One can obtain additional information about the control
exerted on the flux and pathway concentrations by modu-
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lating the concentrations of the initial donor (pair SP and
S) and ultimate acceptor (pair W and WP) of the trans-
ferred group. Because the concentrations of the boundary
substrates, [SP] and [S], [W] and [WP], enter the rate
equations in the same way as the unidirectional rate con-
stants, k; and k5, k;,,, and k5, ,, respectively (see Eq.
(1)), one may write:

, dmlJ dmnlJ|
Rl = = — =R},
din[SP]  dnk 1
< dllJ|  dlnlJ| R i
S din[S] dmmk, O F (46)

Analogous equations address the response with respect to
the pair W and WP. One may obtain the same equations
for the concentration response coefficients by formal sub-
stitution of the concentrations for the flux in Eq. (49).
When normalized by the elasticities with respect to the
corresponding rate constants, the response coefficients
transform into the control coefficients of the initial and
ultimate elemental processes (see Eq. (4)). For instance:

J

o) L — 47
U dlnv,/dIn k] (47)

Let us designate C] and C;  as the sums of the flux
response coefficients of the initial donor pair (SP and S)
and ultimate acceptor pair (W and WP), respectively:

c/ _RJ+R5P’CZ,+ =Ry, + Riyp (48)

These control coefficients, C; or C; _, describe the con-
trol by changes in the total concentratlons ([SP] and [SD) of
the donor or acceptor (W] and [WP]) when the ratios
[SP]/[S] and [W]/[WP] are clamped. The control mea-
sured in this manner is not just equal to sum of the control
over the elemental processes in which donor and acceptor
pairs participate; it involves also the control exerted by the
first and the last enzyme of the group-transfer pathway
(see Egs. (30) and (31) of the companion paper [7]):

Q
cl+cl-==c!+c?, (49)
0 1 e, 1 2
J Qr J J J
c/-=+cl =cl _+cl | (50)
r e r+1 2r+1 2r+2

r

Similar equations can be obtained for the concentration
control coefficients (note, that the equations referring to
the control of Q, and Q, include an additional 1 in the
right-hand side. (see the companion paper [7]). We con-
clude, that measurements of the response of the flux and
pathway concentrations to changes in boundary substrates
can give some information about the control coefficients of
the initial and final elemental steps of a group-transfer
pathway and also about their elasticities to unidirectional
rate constants.

2.5. Combining modulation of gene expression with an
inhibitor analysis

Combining inhibitor titrations with genetic methods one
can additionally to the enzyme(-concentration) control co-
efficient determine both the impact control coefficients
(Eq. (14)) and the concentrations of some enzyme forms
(Egs. (18) and (22)). Moreover, using a multiinhibitor
analysis of the group-transfer pathway one can determine
also the control coefficients of the elemental processes (see
Appendix C).

The enzymes of group-transfer pathways do not only
function as catalysts and substrates of the group transfer.
They are also at the bottom of a gene expression pathway,
leading from the genes that encode them, through the
corresponding mRNA to the protein. This has been called
a hierarchical control [24], which may be ‘dictatorial’ or
‘democratic’ (see also above). In the case of a ‘dictatorial’
control the control coefficients determined by genetic
means coincide with the control coefficients determined at
the level of a metabolic pathway (for instance, by titration
with some types of inhibitors). It is also instructive to
consider systems with a ‘democratic’ hierarchy of the
control, where some intermediate concentrations, or extent
of phosphorylation affect gene expression. In this case the
control coefficients determined by modulating the gene
expression give information on the control in the whole
(genetic and metabolic simultaneously) system. A compar-
ison of these control coefficients and those determined by
using inhibitors can give an insight into the interplay of
genetic and metabolic regulation.

3. Discussion

In this paper we have shown how, in principle, control
properties of group-transfer (relay) pathways may be deter-
mined experimentally. In simple (‘classical’) metabolic
pathways modulation of enzyme concentration, inhibitor
titration and modulation of the concentrations of ‘boundary’
substrates and products, all lead to a single set of coeffi-
cients quantifying the control exerted by the enzymes on
flux or pathway concentrations. Control by enzyme con-
centrations and enzyme activities are synonymous in such
simple pathways. Group-transfer pathways involve en-
zyme-enzyme interactions and such interactions cause the
control by enzyme concentration and by any of the en-
zyme’s activities to diverge. In other words, control by an
enzyme comes in various modes in such pathways [17,25].
Most importantly, the present paper shows how the differ-
ent modes of the control exerted by an enzyme in a
group-transfer pathway can be determined and distin-
guished experimentally. Indeed, modulation in enzyme
concentration, titration with non-competitive or competi-
tive and uncompetitive inhibitors turned out to lead to the
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Table 1
What various methods measure in a group transfer pathway

‘Classical’ enzyme control Impact control “Classical’ enzyme control  Control coefficients

coefficients, C j ) coefficients coefficients, mixed with of unidirectional
imp¢/ concentrations of enzyme  rate constants of
' forms boundary steps
Modulation of the enzyme concentration + - - —
Titration with purely non-competitive inhibitor - + - -
Titration with purely competitive inhibitor:  K;>e¢,, - + —
irreversible + — - —
Titration with purely competitive inhibitor: K;>e¢,, — + _
irreversible + - — —
Modulation of the pathway boundary substrates - - + +
determination of the different control modes of enzymes in Acknowledgements

a group-transfer pathway. Table 1 summarizes some re-
sults on different modes of the control which can be
measured by different methods.

Notably, the analysis in terms of the effects of different
inhibitors has led us to a new theoretical approach to study
control and regulation in metabolic pathways. In the Ap-
pendix C we show how this new approach can be used to
express the control exerted by the enzyme concentrations
in terms of the control exerted by the elemental steps of
the reaction network and in terms of kinetic properties of
those steps. This type of approach can be used for any
pathway that deviates from ideal pathways usually anal-
ysed in classical metabolic control analysis [27].

Of course, one should realize that in many cases a
complete experimental analysis will be hampered by the
lack of specific inhibitors, by difficulties in modulating the
expression of only the gene encoding the enzyme of
interest. Yet, even if such a complete analysis is not
possible, it remains important to understand what mode of
control is measured by the method that is available.

Because the various methods measure different modes
of the control exerted by an enzyme, parallel use of a
number of these methods should allow measurement of the
differences between the modes. Not only should this be of
conceptual interest, it should also reveal mechanistic as-
pects of the intact pathway that would be difficult to reveal
otherwise. For, this paper shows how these differences are
related to properties such as concentrations of enzyme
forms and extent of formation of enzyme-enzyme com-
plexes. Ultimately, i.e., with the simultaneous use of many
methods, it should become possible to establish the magni-
tudes of the control coefficients of the elemental processes.
We conclude that measuring the responses of the flux to
the different types of perturbation and using the relation-
ships derived, one obtains valuable information about
global and local control properties of group-transfer path-
ways.
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Appendix 1

Inhibitors forming inactive enzyme-inhibitor com-
plexes: mimicking a decrease in the active concentra-
tion of an enzyme by changes in unidirectional rate
constants

We shall consider an arbitrary enzyme mechanism in-
side any metabolic network which may also include direct
interactions of this enzyme with other enzymes. The differ-
ent states of the enzyme of interest (enzyme intermediates)
will be designated by Y,,Y,,....Y,. We shall suggest that
binding a specific inhibitor (I) to some enzyme intermedi-
ate form (Y,) transforms the latter into a form (Y,I) which
is not subject to any catalytic transformation. At any
steady state of the reaction the equilibrium exists between
Y;, I and the complex Y;1, since the latter does not undergo
further transformations:

Y=Y, I/K, (A1)

Here K; is the equilibrium constant (that is identical to the
dissociation constant of the complex Y;I), I is the free
inhibitor concentration. Due to the equilibrium (Eq. A1)
the concentration, Y;, can be expressed in terms of the sum
(Y;*) of the concentrations of the active (i.e., uninhibited)
and inactive (inhibited) forms, Y;* =Y, + Y,1, and the free
inhibitor concentration, I:

Y=Y /(1+1/K)) (A2)
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Now we return for a moment to a situation when no
inhibitor is added and consider all moiety-conservation
relationships in which the concentration Y, participates.
Depending on the metabolic network and on the particular
enzyme form, these relationships may have the physical
interpretation of conservations of the total concentration of
the enzyme under consideration and of some other en-
zymes or substrates which this particular enzyme form (Y,)
may involve. One may see, that after inhibitor addition, the
sum, Y;*, of the active i-th enzyme intermediate and its
complex with the inhibitor, will replace Y, in these rela-
tionships. Most importantly after the replacement of Y, by
Y, all these moiety-conservation relationships remain un-
changed.

Now we consider the equations for the unidirectional
rates in which the particular enzyme form (Y,) participates
as a reactant. The (mathematical) products of Y; and the
corresponding unidirectional rate constant (kj) enter any
such equation. Hence, after expressing Y; in terms of ¥,”
and 7, see Eq. A2, the dependence on the inhibitor concen-
tration, I, can be transferred and ascribed to the rate

constant, k;, which becomes k(1):
kj(1)=k]-/(1 +1/K;) (A3)

Subsequently, after the inhibitor addition the only change
in the equations which determine the system steady state is
the appearance of the superscript (*) denoting the affected
enzyme forms and selective changes in the rate constants
of steps in which these forms participate. Removing the
superscript, one mimics the effects of inhibition by chang-
ing unidirectional rate constants only. Most importantly,
for every form Y, these changes (Eq. A3) always affect
two (or more if Y, is at a branch point of the mechanism)
rate constants. One is the forward rate constant of the step
depleting Y, and the second is the reverse rate constant of
the step producing Y,. Consequently, the Gibbs energy
difference for the whole reaction, e.g., from SP to W in a
group-transfer pathway (see the main text), does not
change.

Appendix B. General relations between the control
coefficients of the enzymes and the elemental processes.
Expressing the global control properties into the local
ones

In this appendix we express the control coefficients of
the enzymes in terms of the control coefficients of the
elemental processes. We also show that analysis of the flux
and concentration responses presented above allows one to
obtain general relationships between the different types of
the control coefficients in a group transfer pathway and
also express the latter in terms of elasticities. We shall first
do this for the flux control coefficients.

Equating the respective right-hand sides of Egs. (8)—(10)
to that of Eq. (14) one obtains:
J Qi -1 7 . Qi

+C! + cl
e[—l i i

€i—1
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=C! +cC! +c¢! +cC/
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J J s J J J J
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€ €2 e, vy v 3 g
J Q, J J J J 7
. +C =C +C. +C +C’
€r—y e,_, €, V2r-1 Var Yar+1 Var+2
(B3)

Egs. (B1)-(B3) are identical to Egs. (18)—(20) of the
companion paper [7]. As was shown in that paper these
equations allow one to express the flux control coefficients
of the enzymes in terms of the control coefficients of the
elemental processes and the relative fractions of enzyme
complexes. They were also used to derive new summation
theorems for the flux control coefficients of the enzymes
of group-transfer pathways. Comparing Egs. (18) and (20)
one obtains:

kaiva 'Ei+1P)’

i Vai-1 Vzisz

€;
ci= (el KB C

(i=12,..r) (B4)

Eq. (B4) is identical to Eq. (F5) of the companion paper
[7]. Eq. (F5) obtained there by an abstract mathematical
method, here acquires the transparent meaning of the
equivalence of the variations in the flux, caused either by a
change in the enzyme concentration or by a change in
some rate constants of the elemental processes (corre-
sponding to a particular mechanism of inhibition). A simi-
lar relationship (Eq. (F7) of that paper) corresponding to a
change in some other elemental rate constants, follows
from Egs. (22) and (24):

CJ=%'(CJ

€; V2i+1

+ . —_— J . .
2iv1 Ei1 =G, kg Ei—l)

(i=12,..7) (B5)

One can also consider a type of purely uncompetitive
inhibitor that can bind to both enzyme forms, E,P and Q,,
or a ‘hypothetical’ type of inhibitor which binds only to
the complex Q;. Combining the effect of such an inhibitor
with the influence of purely competitive inhibitor of the
adjacent enzyme i + 1, we can obtain an additional expres-
sion for the control coefficient (Ceji ) of the enzyme i
which is identical to Eq. (F13) of the companion paper [7].

Comparing the corresponding expressions for the con-
centration response coefficients above, one can readily
obtain the general equations relating the different types of
the concentration control properties of the group-transfer
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pathway. For example, equating the right-hand side of Eq.
(35) or (39) with that of Eq. (42) one obtains the relation-
ships between the control coefficients of the enzymes and
the control coefficients of the elemental processes, see
Egs. (43) and (49) of the companion paper [7]. Comparing
Eq. (36) or (40) with Eq. (43) one obtains the equation
relating the global and local control coefficients, see Eq.
(F25) of the companion paper [7].

Appendix C. The simplest example: a relay pathway
involving two enzymes

The differences between control coefficients measured
by different inhibitors were illustrated in Section le in an
example of a group-transfer pathway involving two en-
zymes (Fig. 3). Here, for the same example we shall
illustrate how such data could be used in principle to
reveal control and kinetic properties of the group transfer.
Depending on the experimental data, there are several
ways of determining the global and local control properties
of the pathway. The most difficult situation occurs if one
can measure only the pathway flux (as the input or output
flux) and cannot measure the concentrations of the enzyme
forms. Here this specific case will be considered.

Starting with the, too often unrealistic, assumption that
all the specific inhibitors possessing the properties de-
scribed above are available, we show how one can deter-
mine all types of control coefficient. Then, we abandon
this assumption and show how the number of such in-
hibitors can be diminished. Finally, we consider the situa-
tion when the enzyme(-concentration) control coefficients
can be measured by modulating the genes encoding the
pathway enzymes and show what additional information
can be obtained in case some specific inhibitors (at least
one such an inhibitor) are also available.

Using irreversible, purely competitive or purely uncom-
petitive inhibitors one can measure the classical’ control
coefficients with respect to the enzyme concentration, see
Egs. (32) and (34):

CejlewCejz=M2 (C1)

where the terms M, designate the values resulting directly
from the measurements. It is noteworthy, that using irre-
versible specific inhibitors of any type (see Egs. (28), (32),
(34)) one simultaneously determines the total enzyme con-
centrations,

e, =M., e;=M, (€2)

As was mentioned under Introduction (see also Results)
the magnitudes on the enzyme(-concentration) control co-
efficients do not suffice to describe completely the control
structure of the ‘channelled’ pathways, e.g., to estimate the
impact control coefficients of the pathway enzymes. For
such a complete description it is also necessary to deter-
mine the control and /or elasticity coefficients of the ele-

mental processes. To estimate them in the group-transfer
pathway one should obtain some additional experimental
data which must be considered together with the relation-
ships derived above.

Using purely non-competitive inhibitors one can mea-
sure the impact control coefficients of the enzymes 1 and 2
(see Egs. (14), (15) for the case of K > e, and Eq. (28)
for an irreversible purely non-competitive inhibitor):

mPel =]+ cl +cl +cl =M, (C3)
mrCd =Cl +ClL+CL+CL =M, (C4)
2 “ 3 4 5 &

Here the values of the impact control coefficients are
represented as the values (M) resulting directly from the
measurements. However, in case K> e; this implies
that the inhibition constant, K, can be measured in an
independent experiment. From these data (M;, M,, M,,
M) and Eq. (B2) (or M|, M,, M;, M, and Eq. (B3) with
r=12) one can estimate the concentration of the enzyme-
enzyme complex, Q,,

Q) =ey- (lmpcgl - C:,)/ng e (

imp

¢l -cl)/cl,
(Cs)

Using purely competitive and purely uncompetitive in-
hibitors with K;> e; and taking into account the data
(C1),(C2), one can estimate the concentrations of the
following enzyme forms (see Egs. (18), (22)):

E, =M, EEP=M;E, =M, E,P=M,, (Co)

Then, the concentrations of the complexes Q, and Q, can
be determined from the moiety-conservation relationships:

Qy=e, —(E, +EP+Q)) (C7)
0,=e,— (E,+E, P+ Q) (C8)

Thus, the experimental procedure described allows one to
estimate the concentrations of all the enzyme forms (E,,
Q,, E;P, Q,, E,, E,P, Q,).

Let these concentrations of the enzyme forms be deter-
mined at several concentrations of the boundary substrates
S, SP and /or W, WP. Substituting these data into Egs. (2)
for the steady state, one obtains a linear equation system
with respect to the rate constants of the elemental pro-
cesses. Then, the rate constants can be determined by any
of the numerical methods of linear algebra, e.g., the linear
regression method. Subsequently, the elasticity coefficients
of the elemental processes can be calculated. This allows
one to estimate the control coefficients (C’) of the ele-
mental processes (in terms of the elasticity coéfficients, see
[7D.

In practice only few of the required inhibitors are
available. The relationships derived above help to decrease
the number of required inhibitors. For example, it is
sufficient to have a purely non-competitive inhibitor of
only one of the enzymes 1 and 2, see Eq. (CS). In the
following example, let a purely competitive or purely
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uncompetitive inhibitor (with K, > ;) be not available
for each of the enzymes. In this case one can determine
only 2 of the 4 concentrations (64). Then, one should
measure also the response coefficients of the flux to a
change in the concentrations of the boundary substrates,
i.e., to estimate directly the control coefficients of the
boundary substrates:

dIn|J| dnlJ| .
B + _
“ din[S] dIn[SP] "
dIn|J| dIn|J|

“~ dm[W]  din[WP] =M (€9)

For these control coefficients, the following relationships
hold (see Egs. (49), (50)):

Q
cl+cl-—=cl+ci, (C10)
0 1 e] 1 2
J Q J J J
c’ - +C! =c! +c!, (C11)
2 62 3 5 6

We can estimate the right-hand sides of Egs. (C10), (C11)
as:

Cl+cl =1-"rC] =1-M,, (C12)
1 2 2

Cl +Cl =1-im"rC! =1- M, (C13)
5 6 1

Then, the concentrations of the complexes Q, and Q, can
be found:

= im J J J
QO =€ (1 - pcez - Ce )/Ce,’

0

(C14)

0. =e, (1=t - L) /C, (c15)

Using these concentration values, the remaining un-
known values in Eq. (C6) can be determined from the
moiety-conservation relationships (cf. Egs. (C7) and (C8)).

A slightly more complicated case arises if in this exam-
ple apart from 2 purely competitive or purely uncompeti-
tive inhibitors with K, > e;, both irreversible purely com-
petitive and irreversible purely uncompetitive inhibitors of
one of the enzymes 1 or 2 are absent. Then the ‘classical’
control coefficient of one of the enzymes (M, or M,
value) cannot be measured directly. However, this control
coefficient can be found simultaneously with the concen-
tration Q by solving Egs. (B2), (B3) using the measured
values of the impact control coefficients (see Egs. (C3),
(C4)).

An even more complicated case arises when irreversible
purely competitive and irreversible purely uncompetitive
inhibitors of both enzymes and either a purely competitive
or purely uncompetitive inhibitor (with K; > e;) of one of
the enzymes are absent. Then, one cannot measure directly
neither ‘classical’ control coefficients of both enzymes nor
the concentrations E, and E,P. In this case, 2 classical
control coefficients and all 7 unknown concentrations of
the enzyme forms can be simultaneously found by solving

the system of 9 equations that is constructed from Egs.
(B2), (B3), (18), (22), (C10), (C11) and 2 moiety-con-
servation constraints.

Now we consider a situation where the control coeffi-
cients, C;, with respect to the enzyme concentrations (e,)
and these concentrations themselves are measured by the
genetic (and accompanying) methods. In the notations of
this section this means that M;, M,, M; and M, values
are known. Let us suppose that one has only three in-
hibitors, e.g., a purely non-competitive inhibitor of each
enzyme and a purely competitive inhibitor of the enzyme 2
(with K{ > e). Then one can measure the impact control
coefficients of the enzymes 1 and 2 (M, and M, values,
Egs. (C3) and (C4)) and the concentration of the free form,
E,, of the enzyme 2 (M, value, Eq. (C6)). From these
data the concentration of the enzyme-enzyme complex, Q,,
can be estimated (see Eq. (C5)). Also the sums of the
control coefficients of the elemental processes, Cfl and
C!, Eq.(C12), C/ and C/, Eq. (C13), can be found.

According to Eq. (C9) one can measure the control
coefficient of the boundary substrates (the initial donor,
M,, value, and ultimate acceptor, M,, value), and using
Eqgs. (C10)—(C15) the concentrations Q, and Q, can be
found. Then, the concentration E,P can be determined
from the moiety-conservation sum of the enzyme 2 (Eq.
(C8)). Similarly, one can determine the concentrations E,,
E,P, Q,, at several concentrations of the boundary sub-
strates. Substituting these data into Eqs. (2) for the steady-
state flux one can calculate the rate constants, kI, ks, k;,
k.

Now we use general relations between the control coef-
ficients of the enzymes and the elemental processes and
the kinetic properties of the latter (see the corresponding
section above). With =2, Eq. (F11) of the companion
paper [7] reads:

;_ 5 Jopt J -
Cl=—-(Cl ki —Cl k),

r (C16)

From Egs. (C13) and (C16) the control coefficients of the
elemental processes, C {5 and Cfé, can be found.

To determine the other elemental control and elasticity
coefficients (i.e., the rate constants) one should consider
additional equations. With i =1 and i =2 Egs. (B4) and
(B5) read:

€
Cli=—(Cl K SP=Cl,-k; "E;P), (€17)
cf=3-(cf-k+-E ~Cl k5 - S) (C18)
e J o3 3 2 b2 2 ’
c!=22.(cl -kt -E,P—CL-k; - WP) (C19)
2 J vy 3 1 ve 6 ’
J _2 . Joopt . —~C’ -
C62— J (Cvs k5 W C"4 k4 El)’ (CZO)
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Combining with Eqs. (F10), (F11) and (F13) of the com-
panion paper [7] we obtain:

e
J_ 1 J . _ -
Ce,—7-(CU2 ki —Cl k7)), (C21)
e
CrCl(e/e) == (Clo ki = Cl k), (C2)

Adding to Egs. (C3),(C7),(C12),(C17)-(C22), Egs. (2)
(with i=1, 2, 3, 4) and the Haldane relation one can
calculate the remaining unknown concentrations F;, E, P,
and the control and elasticity coefficients of the elemental
processes (i = 1, 2, 3, 4), and also the rate constants. Thus,
the complete control and kinetic structure of the group-
transfer pathway of two enzymes is determined.

Since in this example only the flux is measured, one
needs three inhibitors to determine completely the pathway
control and kinetic properties. However, the use of even a
single inhibitor, in addition to modulating gene expression
can greatly contribute to the analysis of the control struc-
ture of ‘channelled’ pathways. The usefulness of data
obtained by inhibitor analysis increases drastically if one is
able also to measure the concentration response coeffi-
cients. For most group-transfer pathways the number of
known inhibitors is far too small to allow a complete
analysis. Yet, we think that this Appendix illustrates the
diversity of control coefficients and the fact that to really
understand control of group-transfer pathways, much more
experimental work will be needed.

References

[1] Westerhoff, H.V. and Kell, D.B. (1988) Commun. Mol. Cell. Bio-
phys. 5, 57-107.

[2] Kacser H., Sauro, H.M. and Acerenza, L. (1990) Eur. J. Biochem.
187, 481-491.

[3] Sauro, H.M. and Kacser, H. (1990) Eur. J. Biochem. 187, 493—-500.

[4] Kholodenko, B.N. (1993) Biochemistry (Russia) 58, 512—528 (Engl.
transl. 58, 325-337).

[5] Van Dam, K., Van der Vlag, J., Kholodenko, B.N. and Westerhoff,
H.V. (1993) Eur. J. Biochem. 212, 791-799.

{6] Kholodenko, B.N. and Westerhoff, H.V. (1994) in Modern Trends in
BioThermoKinetics (S. Schuster, M. Rigoulet, R. Ouhabi and J.P.
Mazat, eds.), pp. 205~-210, Plenum, New York.

[7] Kholodenko, B.N. and Westerhoff, H.V. (1995) Biochim. Biophys.
Acta 1229, 256-274. '

[8] Groen, A.K., Wanders, R.J.A., Westerhoff, H.V., Van der Meer, R.
and Tager, J.M. (1982) J. Biol. Chem. 257, 2754-2757.

{9] Tager, J.M., Wanders, R.J.A., Groen, A K., Kunz, W., Bohnensack,
R., Kuster, V., Letko, G., Bohme, G., Duszynski, J. and Woytczak,
L. (1983) FEBS Lett. 151, 1-9.

[10] Wanders, RJ.A., Groen, A.K., Van Roermund, C.W.T. and Tager,
I M. (1984) Eur. J. Biochem. 142, 417-429.

[11} Kholodenko, B., Zilinskiene, V., Borutaite, V., Ivanovene, L.,
Toleikis, A. and Praskevicius, A. (1987) FEBS Lett. 223, 247-250.

[12] Rigoulet, M., Averet, N., Mazat, J.-P., Gurin, B. and Cohadon, F.
(1988) Biochim. Biophys. Acta 932, 116-123.

[13] Schuster, S. and Heinrich R. (1992) BioSystems 27, 1-15.

[14] Cornish-Bowden, A. (1976) Principles of enzyme kinetics. Butter-
worth, London.

[15] Keleti, T. (1986) Basic enzyme kinetics. Academiai Kiado, Bu-
dapest.

[16] Kacser, H. and Burns, J.A. (1973) in Rate Control of Biological
Processes (Davies, D.D., ed.), pp. 65-104, Cambridge Univ. Press,
London.

[17] Kholodenko, B.N. and Westerhoff, H.V. (1993) FEBS Lett. 320,
71-74.

[18] Kholodenko, B.N. (1988) FEBS Lett. 232, 383-386.

[19] Kholodenko B.N., Demin, O.V. and Westerhoff, H.V. (1993) FEBS
Lett. 320, 75-78.

{20] Kholodenko, B.N., Lyubarev, A.E. and Kurganov, B.L (1992) Eur.
J. Biochem. 210, 147-153.

[21] Flint, H.J., Tateson, R.W., Barthelmess, I.B., Porteous, D.J.,
Donachie, W.D. and Kacser, H. (1981) Biochem. J. 200, 231-246.

[22] Walsh, K. and Koshland, D.E. Jr. (1985) Proc. Natl. Acad. Sci. USA
82, 3577-3581.

[23] Jensen, P.R., Westerhoff, H.V. and Michelsen, O. (1993) Fur. J.
Biochem. 211, 181-191.

[24] Westerhoff, H.V., Koster, J.G., Van Workum, M. and Rudd, K.E.
(1990) in:Control of Metabolic Processes (Cornish-Bowden A. and
Cardenas M.L,, eds.), pp. 399-412, Plenum Press, New York.

[25] Kholodenko, B.N., Cascante, M. and Westerhoff, H.V. (1993) FEBS
Lett. 336, 381-384.

[26] Sauro, H.M. (1993) Computer Appl. Biosci. 9, 441-450.

[27] Kholodenko, B.N. and Westerhoff, H.V. (1995) Trends Biochem.
Sci. 20, 52-54.



