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Abstract The kinetic study carried out in paper I of this series (preceding article)
on enzyme systems involving zymogen activation and the simultaneous action of two
different, mutually exclusive inhibitors (Scheme 1) allows, new dimensionless kinetic
parameters to be suggested. These parameters furnish quantitative information about
the relative weight of the activation and inhibition routes, i.e. the conditions under
which the activation prevails over the inhibition and vice versa, as well as the absolute
and relative contributions to overall inhibition of each of the inhibition routes and
their synergistic effect. These results can be easily and directly applied to any of the
thousands of particular cases of the model. Examples are given for different particular
cases.
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1 Introduction

The ability of metabolic processes to regulate different processes is a consequence
of the evolution of an extremely complex system of regulatory mechanisms. Thus,
living organisms possess several biological amplification systems which help them
achieve a fast response to a given stimulus, such as enzyme cascades [1,2], substrate
cycling [3,4] and limited proteolysis reactions [5—7]. These mechanisms have special
characteristics which make them well-suited to playing a central role in metabolism,
so they are tightly buffered and controlled more. Particularly, proteolytic enzymes are
of widespread interest to the scientific community because, besides the fact that they
can be used as tools, they play very critical roles in biological systems, where they
are involved in a multitude of important physiological processes that range from the
functional activation or inactivation of proteins by single proteolytic events, to the
complete dissolution of proteins into their constituent amino acids. For this reason
they have become the focus of a wide range of basic and applied research, and are
targets for intervention, both experimentally and therapeutically [8,9].

Limited proteolysis reactions are controlled in the metabolism by the natural prote-
ase inhibitors present in cells and body fluids. When working with protease inhibitors,
whether discovering new ones and characterizing them, using them as practical tools,
or for therapeutic intervention, the importance of reaction kinetics cannot be over-
stressed. Analysis of the kinetics of a reaction between a protease and its potential
inhibitors delineates the likely control point in complex biological media [10]. If one
wishes to suppress the activity of a given protease and knows the kinetic constants for
the reaction of this protease with an inhibitor, one can determine how much inhibitor
to add and how much time to allow for the inhibition.

In a previous contribution (paper I of this series; [11]) we performed a kinetic
analysis of a general model of a zymogen activation process involving two different,
mutually exclusive inhibitors, which can act simultaneously on both the activating and
the active enzyme (Scheme 1). In this respect it would be very interesting to establish
the relative weight of the activation and inhibition routes, i.e. the conditions in
which the activation prevails over the inhibition and vice versa. Moreover, it could also
be interesting to know the relative contribution of both inhibitors to the total inhibi-
tion. Such knowledge would be directly applicable to thousands of other mechanisms
which are particular cases of the general model. Previously, the only similar study to
the one described here, although more limited, was performed by our research group
[12]. The mechanism studied in this latter case is shown in Scheme 2, which is one of
the thousands of particular cases of the general model shown in Scheme 1.

Therefore, the aims of the present paper are the following, which are both related
and complementary: (1) From the steady-state rate equation of species E, in Scheme 1
obtained in paper I of this series, to derive novel kinetic parameters furnishing the rel-
ative weight of the activation and inhibition routes and also the relative contribution of
both inhibitors to the overall inhibition. (2) Using as examples two particular cases of
Scheme 1, to establish the best method to apply these results to any of the thousands of
mechanisms of zymogen activation overlapped with enzymatic inhibition processes,
which can be considered, real or formally, particular cases of the general model shown
in Scheme 1 (e.g. Scheme 2). This study will widen and complement our knowledge
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of the inhibition mechanisms of zymogen activation processess, some of which have
been previously described in the scientific literature [12-18].

2 Materials and methods
We have taken as starting point for this paper the equation obtained for the steady-state

rate accumulation of E, in paper I of this series [11] and, from here, usual algebraic
relationships and expansions have been used.

3 Theory
3.1 Notation

The following notation will be used in the present paper:

(E], [Z], [1], [I'], [EZ], [E.], [EI], [ET'], [EI*], [ET'*], [E1], [EoL'], [EqT*], [Eq1*]:
Instantaneous concentrations of the indicated species.

[Elo, [Z]o, (1o, [I']o: Initial concentrations of the species E, Z, T and I, respectively.

rt: reaction time.
K,,: Michaelis-Menten constant for the zymogen towards the activating protease,
Le.:

Ky = (k-1 +k2)/ ki (D
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K; (j =1,3,4,5,6) :Equilibrium constants defined as:
Kj=k_j/k, (2)
K ; (j = 3,4,5,6): Equilibrium constants defined as:
/ / /
K; =k_;/k; 3)

[2, E;]: Sum of the concentrations of all of the enzymatic species involved in
Scheme 1 containing E,, i.e.:

(2, Eql = [Ea] + [Eal'1 + [EaI™ ] + [EoI]+ [EaI™] “)

3.2 Steady-state rate of the activated enzyme E,

At relatively high values of 77, i.e. in the steady-state, the following equation for the
rate of formation of E, (see paper I of this series; [11]) is obtained:

_ kikok_sk_4k” 5k” jk_sk_ek” sk’ ¢[Z1o[E]o

o ©)
FSFA{
where:
Fs = k_3k 4K sk’ (k1 + ko) + kik_sk_4k’ k' ¢ [Z]o
+kak! sk’ ¢ (k-1 + ka) (ke 4+ k—4) [Tl
+ ksk 3k 4 (k_1 + ko) (kg + k' ¢) [T'], ©)

F) = K 3k’ jk sk 6+ ksk' ;k" 4 (ke + k¢) [To + K3k sk (kj +k"4)[I'],

)

Eq. 5 was obtained under the following initial conditions:
[Zlo. (110, [I'lo >> [Elo (@)
(11,110 >> [Zlo ©)

In addition, we shall consider a reaction time, rt, for which [ E,] remains much less
than [Z], i.e.:

[E,] << [Z]o during time r¢ (10)

Note that « can also be expressed as follows:

Vmax[Z]o

= Km+ 1210 (o
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where Viax = k2[E]p (the maximum rate of accumulation of E, in the steady-
state which, mathematically, corresponds to an initial zymogen concentration so that
[Z]o >> K, in the absence of inhibitors) and r is a dimensionless parameter given
by the following equation:

1

P — (12)
l+p+p+gq

where the following notation has been used:

1% () i (5) s (e (1 ) ) i
P11k \UTke) "k UTKe) Kt1230 U T K Ke) ' 0)

(13)
’_L(li L(]LL]L(]L[/)[’
p_IKg +K;)+K§ +Kg) Km+[Z]o(+K§ +K4)[ o ][ o
(14)
and
il ()8 i ()
= Knt1210 | KskL ' " Ko k,) KK\ " Ks K)o
(15)

Note that 0 < r < 1, in agreement with Eq. 12 and bearing in mind that p, p’ and
q are non-negative quantities.

4 Results and discussion

The mathematical expression giving the steady-state rate of E, (Eq. 11) and the expres-
sions of r, p, p’ and g allow us to know the relative weight of the activation and inhi-
bition routes in the process, as well as to suggest additional dimensionless parameters,
other than r, giving the efficiency of the inhibition and the relative contribution of both
inhibitors to the overall inhibition of zymogen activation.

4.1 Quantification of the relative weight of the activation and inhibition routes

The previously defined dimensionless parameter », whose value is between 0 and 1,
quantifies the relative weight of the activation and inhibition routes. We shall consider
different cases depending on the value of r:
(a:r=1

This is the maximum value of 7 and is only attained if:

p+p +qg=0 (16)
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Scheme 3
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This condition is fulfilled when [ ]op = [I']p = 0, i.e. in the absence of both inhibitors,
where the steady-state rate is:

Vmax[Z]o

= — 17
T K+ 1210 (1n

(b):r=~1
This case will occur when the following condition is fulfilled, according to Eq. 12:

1>>p+p +g¢q (18)

for which it is sufficient, but necessary that the following three conditions be simulta-
neously fulfilled:

I1>>p,1>>p and 1>>gq (19)

Obviously, p and p’ can be null. In this case the steady-state rate will be:

~ Vmax[Z1o

A~ 20
w1210 @0

(c):r=0

If one or more of the following constants k_3 (but not k3), k_4 (but not k4), k’_ 3
(but not k%), k", (but not k}), k"5 (but not k5), k" (but not kg), k_s (but not ks), k_g
(but not kg) are null, i.e. if one or more of the following equilibrium constants,
K3, K4, K3, K}, K3, K¢, K5 and K¢ are null (which means that at least one of the
two inhibitors is irreversible), then » = 0, and so the steady-state rate of E, forma-
tion, i.e.:

a=0 (21
An example, between other, of a particular case of Scheme 1 in this situation is shown

in Scheme 3, in which k_g =0 and so K¢ = 0. This scheme corresponds to the situation
in which the inhibitor / is irreversible in two steps when it acts on E,.
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Table 1 Values of p, p’, g, r, @ and n7 for different values of initial inhibitors concentrations

{omM)  [IlomM)  p I q r amMs™h  np

1 1 0.07554 16.35 0.6511 0.05531 26.34 0.9447
0.1 1 0.007450 16.35 0.06511 0.05738 27.33 0.9426
1 0.1 0.07554 1.116 0.06511 0.4431 211.0 0.5569
0.1 0.1 0.007450 1.116 0.006511 0.4694 223.5 0.5306
0 1 0 16.35 0 0.05762 27.44 0.9424
1 0 0.07554 0 0 0.9298 442.7 0.07023
0 0 0 0 0 1 476.2 0

The following arbitrary values of the rate constants and initial conditions have been used: k| = 104
Mls Lk 1 =01s k=151 k3=100MLs7 ! k_3=103s"1 ky=10"2s"1 k_4 =100s"1,
Ky=100M"1s7L K/ s =10s71 k) =10"2s7 k', =105 k=103 M1 s7L 1 s =1s71 kg =

01571 K ¢=0.01s71 ks =10 M~!s7! k_5=505"1 k¢ =0.01571, k_g=0.15"1, [E]g = InM,
and [Z]p=0.1 mM

d:r=0

The parameter » will be much less than unity and so approximately equal to zero
in those cases in which at least one of the three following relationships is fulfilled, in
agreement with Eq. 12.

p>>1
p>>1 (22)
q>>1

Figure 1a illustrates the variation of » upon the concentration of both inhibitors, at a
fixed zymogen concentration. Table 1 shows the values of p, p’, ¢, r and « for different
initial concentrations of both inhibitors and a fixed initial zymogen concentration and
fixed rate constants.

The previously defined parameter r can be used to quantify the relative weight of
activation and inhibition routes in the general model (Scheme 1) and in each of its
derived mechanisms. The more different r is from its maximum value, 1 (correspond-
ing to the absence of inhibitors), the greater the inhibitory action of the inhibitors.
Thus, r provides the relative weight of the action of the activating enzyme, E on Z,
and the action of 7 and I on E and E,,. We suggest the name of efficiency of activation
for r, which can also be expressed as a percentage.

4.1.1 Relative weight of activation and inhibition processess in some particular
cases of the general model

4.1.1.1. Particular case: Scheme 2

As previously indicated for the general model, « indicates the steady-state formation
rate of E, and can be written as a function of r, as indicated in Eq. 11. If Eqs. 1215
from Scheme 1 are applied to Scheme 2, type 0/0 uncertainties would result, e.g. if
we are to obtain K (K = k' /k). In this case, we proceed as follows: make zero
the minimal set of rate constants that transform the general mechanism into another
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Fig. 1 Three-dimensional plot of r (a) and n7 (b) vs. [I]o and [/']y [Eqgs. 26 and 45, respectively] for a
fixed value of [Z](. The values of the rate constants and the fixed [ E]g-value are the same as indicated in
Table 1

that is kinetically equivalent to the mechanism under study (intermediate mechanism,
Scheme 4), whenever the same initial conditions as in the general model hold. In the
resulting equations, make zero the rest of the rate constants, if there are any, to obtain
the true mechanism under consideration (Scheme 2).

In this way, the first constants that are to be cancelled to obtain the equivalent
intermediate mechanism (Scheme 4) are ké and ks. The result is:
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Scheme 4 "
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+ B +
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If Eqs. 23 and 24 are inserted into Eqs. 13—15 one obtains:

_ L (1 + l) _ Ky (25)
P=% Ki) Km +1Z10
o 1 1 ’
p —E(lﬁLE)[l]o (26)
and
__Kn i ! (1+i) (1+i)} [110[1] @7)
1= K + 1210 | 3K} K. K, oLt o

Note that in this case the following relationship is fulfilled:

q=rpp' (28)
and so Eq. 12 can be rewritten as:

1

[ 29
l+p+p +pp 9

Now, we shall consider different cases depending on the value of r.
(a:r=1
This is the maximum value of » and is only attained if:
p+p +pp =0 (30)
for which it is necessary and sufficient that:

p=p =0 (31)
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This condition is only attained if [I]y = [/ ]6 = 0, i.e. in the absence of both
inhibitors. The steady-state rate will be:

Vimax[Z
o = 'max[Z]o (32)
Km +[Z]o
(b): r~1
This case will occurr when the following condition is fulfilled, in agreement with
Eq. 29:

1>>p+p'+pp (33)

for which it is necessary and sufficient that the two following conditions are simulta-
neously fulfilled:

l>>pandl>> p (34)

Obviously, both p and p’ may be null. In this case, the steady-state rate will be:

Vmax [Z]O

N K +1Z10 =

(©):r=0

If one or more of the following constants, k_3 (but not k3), k_4 (but not k4),
k5 (but not k%) and k4 (but not k}) from Scheme 2 are null, i.e. if one or more
of the following equilibrium constants, K3, K4, K} and K, are null (which means that
at least one of the two inhibitors is irreversible), then » = 0 and so:

a=0 (36)

(d):r=0
The parameter r will be less than unity in those cases in which the following con-
dition is fulfilled, in agreement with Eq. 29:

p+p +pp>>1 (37)

for which it is necessary and sufficient that one and/or the two next conditions are
fulfilled:

p>>1
p>> 1] (38)

Particular cases from Scheme I in which I =I' (particular cases AC, BC and ABC)

In those cases in which both inhibitors match (particular cases AC, BC and ABC),
the concept of the inhibitory action of 7 or I should be replaced by the inhibitory action
of the inhibitor on E and E,. If we denote the only inhibitor by 7, then p is given by
Eq. 25 and p’ by the following expression:
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;1 1
p'_XZ(l+ZZ)Ub (39)

and so:

oy = K ]O+1)[LFI(LF1)M]U] (40)
PP = K 1210 Ks Ky K} K, oo
The kinetic parameter r is now given by:
1
"= K 1 1 1 1 1 1 “1
[l (10 ) [ a5 (0 )+ (0 ) o

4.1.1.2. Particular case: Scheme 5

The kinetic parameters p, p’ and g are given by:

Ky [Ilo
p=—""-—— (42)
Ki+1[Z]y K3
p— oo (43)
g — (44)
and so, according to Eq. 29, r = 0.
4.2 Total inhibition efficiency
We shall define the total inhibition efficiency, nt,as follows:
nr=1-r (45)
From Egs. 45 and 29 one obtains:
pP+p +g
nr=-—— £ 4 (46)
I+p+p +gq

nr takes values between 0 and 1, zero in the absence of both inhibitors and 1 when
at least one of the two inhibitors is irreversible. The larger the values of p, p’ and ¢,

Scheme 5 P
1 k2
E+Z «—— EZ — E+E.,+ W
+ +
| I'
e ]
El E,Il—XanE I*
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the greater is nr. Table 1 shows the value of n7 for different values of initial concen-
trations of inhibitors and fixed values of zymogen concentration and rate constants.
Figure 1b illustrates the variation of nr versus the concentration of both inhibitors at
a fixed zymogen concentration.

4.2.1 Total inhibition efficiency in some particular cases
4.2.1.1. Particular case: Scheme 2

In this case, the total inhibition efficiency given by Eq. 46 for the general model, is
reduced to the following expression, where p and p’ are given by Egs. 25 and 26:

p+r +pp
= (47)
l+p+p +pp
Particular cases in which I =TI (particular cases AC, BC and ABC)
In those cases in which I = I’ (particular cases AC, BC and ABC), the kinetic
parameter n7 is given by the following expression, taking into account Eqgs. 25 and
26:

K 1 1 1 1 1 1
[t (1 ) 1+ (0 ) o)+ 2y (14 ) [ o

T = K 1 1 1 1 1 1
Vi [t (1) {1 (1 ) o)+ 2 (1 57) J oo
(48)
4.2.1.2. Particular case: Scheme 5
In this case, in view of Eqs. 46 and 42—44:
nr =1 (49)

If we make p + p’ + ¢ = x, then n7 = x(1 + x). If p’ — oo and x — o0 are taken
into account, it results Eq. 49 for 7. The same result would have been obtained using
Eq. 45 and taking into account that, in this case, r = 0.

4.3 Absolute and relative contribution of both inhibition routes to the total inhibition

Eq. 46 may be also written as:
P P q

— + + 50
Il+p+p+q 1+p+p+q 1+p+p+gq 0

nr

This equation suggests the definition of new parameters, indicating the contribu-
tion of both inhibitors to the total inhibition efficiency. Particularly, we shall define
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the contribution of each inhibitor, I and I, as if they were acting alone, 1 and 7/,
respectively, as:

P
=P 51
L P Gb
p/
w=—-=r (52)
l+p+p +gq

Analogously, we shall define the contribution of the presence of both inhibitors to the
total inhibition efficiency, as:

q
=7 53
TNs 1 ; (53)

The parameter n; represents the contribution (in per unit) of the presence of both
inhibitors to the total inhibition efficiency, i.e. the synergistic effect of the presence of
both inhibitors.

Obviously, from Egs. 51-53:

nr=n+n+n;s (54)

We shall define now the relative contributions §, 8" and §, to the total inhibition as:

5= an (55)
/
y:%; (56)
5 = :777 (57)
Taking into account Eqgs. 51-53:
§=—"L (58)
p+p +q
/
§=—2r (59)
p+p +q
q
8y = ——— 60
op+p+ag ©0
Clearly:
§+8+8=1 (61)

The physical meaning of the sum p + p’ + ¢ is the contribution of both inhibitors
to the total inhibition, in agreement with Eqs. 58—60. Thus, p is the contribution of 1
in the absence of I, whereas p’ is the contribution of I’ in the absence of I. However,
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the inhibitory action in the presence of both inhibitors, p + p’ + ¢, is greater than the
sum of the individual action of each inhibitor, i.e., there is a synergistic effect which
is measured by the term q.

Lastly, we shall define the relative weight of the inhibitory action of / with respect
to that of I’ as:

_rtg
P +q

g (62)

This parameter can have any non-negative value. A value of g = 0 means that I does
not exist or ' is irreversible at any step (so p’ would be infinite). If, on the contrary,
g— 00, then I’ does not exist or I is irreversible at any step (so p would be infinite).
A value of g = 1 means that p = p/, so either both inhibitors have quantitatively the
same effect on the total inhibition, or neither of the inhibitors exists (p = p’ = 0). A
value of g less or greater than unity means that the inhibitory action of I is lower or
higher than that of 7', respectively. Table 2 shows the values of 1, ', ny, 8, 8', 85 and
g for the same conditions as indicated in Table 1.

4.3.1 Absolute and relative contributions of both inhibition routes to the total
inhibition in some particular cases

4.3.1.1. Particular case: Scheme 2 In this case, the contribution of each inhibitor
to the total inhibition, as if they were acting alone, given by Eqgs. 51 and 52 for the
general model, is reduced to the following expressions:

p
- 63
LR R R )
p/
Wo=— (64)

I+p+p +pp

Analogously, the contribution of the presence of both inhibitors to the total inhibi-
tion, according to Eq. 53, will be:
pr’

= == 65
I+p+p +pp )

Ns

where p and p’ are given by Egs. 25 and 26.
In turn, Egs. 58-60, which correspond to the relative contributions §, §’ and 8, in
the general model, are reduced to the following expressions:

p
b= —— (66)
p+p +pp
/
§=—7" 67)
p+p +pp
/
P o — (68)
p+p +pp
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Finally, Eq. 62 which gives the relative weight of the inhibitory action of  with respect
to that of I’ in the general model is now reduced to:

_pd+p)

— 69
70+ p) (69

Particular cases from Scheme 2 in which I =I' (particular cases AC, BC and ABC)

In those cases in which I = I' (particular cases AC, BC and ABC), the concept
of the inhibitory action of I or I should be replaced by the inhibitory action of the
inhibitor on E and E,. If we denote by I the only inhibitor, p is given by Eq. 25 and p’
by Eq. 26 and so the kinetic parameters 17, ', 15, 8, §', 85 and g are given by:

K, 1 1
Knt1210 K3 (1 + KT) [71o

n:
Ky 1 1 1 1 1 1
U [t (e ) {0 s (0 ) o) 3 (1 ) J o
(70)
n =
Ky 1 I ! ! ‘ !
V[t (0 ) {1+ (1 ) o)+ 27 (14 ) J o
(71)

Km 1 1 1 2
Kn+1Z10 K3K] (1 Tr (1 + ?4) L7115

TR (R [ ()] ()
Kn+Z1o K3 Ks K K 0 T %&; K} 0

(72)
5 Kmli"fZ]oK%(“FK%)
it (1) {1+ 4 (1 5) U} + 2 (14 55)
(73)
1 1
(14 4)
yzLL 14+ L 1j_3L 1_I|(_4L [1] L L 7
it (1) [+ (14 ) o) + 47 (14 )
_— lm’i—'le]o#«;(ll+%4)(ll+%g)['101 1 s
stz (1) {1+ 2 (1 ) o) + 4 (14 )
() [ () )
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4.3.1.2. Particular case: Scheme 5

Taking into account that in this case, Eqs. 42—44 are fulfilled, the following expressions
are obtained for n, n’, ns, 8, 8’, 85 and g:

n=0 (77)
g (78)
T,
P
=" 79
Ns 1+ (79)
§=0 (80)
§ = ! (81)
T l4p
p
8y = —— 82
Il B (82)
P
== 83
g T+ (83)
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