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Taking as the starting point a recently suggested reaction scheme for zymogen activation involv-
ing intra- and intermolecular routes and the enzyme-zymogen complex, we carry out a complete
analysis of the relative contribution of both routes in the process. This analysis suggests the def-
inition of new dimensionless parameters allowing the elaboration, from the values of the rate
constants and initial conditions, of the time course of the contribution of the two routes. The
procedure mentioned above related to a concrete reaction scheme is extrapolated to any other
model of autocatalytic zymogen activation involving intra- and intermolecular routes. Finally, we
discuss the contribution of both of the activating routes in pepsinogen activation into pepsin us-
ing the values of the kinetic parameters given in the literature.
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INTRODUCTION

Proteolytic enzymes are normally synthesized
and secreted as inactive precursors, which are ac-
tivated at a physiologically appropriate time and
place, in order to protect cells which produce them.
These precursors are known as proenzymes or zy-
mogens. They must undergo an activation process,
usually a limited proteolysis, to attain their catalytic
activity. Understanding of this very important phe-
nomenon is crucial to full elucidation of the behav-
iour of many fundamental physiological processes,
such as food digestion (Chen et al., 2003), cell death
(Boatright & Salvesen, 2003; Shi, 2004), differentia-
tion (Pearton et al., 2001), immune response (Kanost
et al., 2004), blood coagulation (Spronk et al., 2003),
fibrinolysis (Vardén et al.,, 1986; Marin et al., 2003)
and response to injury (Lluis et al., 2001). Other ex-
amples are the evolution of viruses, oncogenes and
metastatic cells (McKay et al., 2003).

Proenzyme activation by proteolytic cleavage
of one or more peptide bonds requires the presence

of an activating enzyme. In those cases in which the
activating enzyme is the same as the activated one,
the proenzyme activation process is called autocata-
lytic. Physiological examples are the activation of
trypsinogen into trypsin (Manjabacas et al., 1995; Liu
& Wang, 2004), the conversion of pepsinogen into
pepsin (EC 3.4.23.1) (Al-Janabi et al., 1972; Richter
et al., 1998; Fuentes et al., 2005a; 2005b), and prekal-
likrein into kallikrein (Magklara et al., 2003; Shariat-
Madar et al., 2004).

Several experimental and theoretical models
of autocatalysis have been extensively investigated.
These include the kinetic behaviour of the autocata-
lytic activation of a zymogen in the absence of any
ligand (inhibitor or substrate) of the activating/ac-
tive enzyme (Varodn ef al., 1990; Garcia-Moreno ef al.,
1991; Wu et al., 2001), in the presence of a substrate
of the enzyme yielding a chromophoric product
(Varon et al., 1991; 1992) and also in the presence of
an inhibitor of the enzyme (Manjabacas et al., 1992;
1995; 1996; 2002). However, in these studies the zy-
mogen was considered to have no enzyme activity.
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Nevertheless, references to the intramolecular acti-
vation of zymogens are increasingly more frequent
(Lin et al., 1992; Tanaka & Yada, 1997; Richter et al.,
1999).

Al-Janabi et al. (1972) offered kinetic evidence
for the existence of two activation pathways (intra-
and intermolecular) for the activation of pepsinogen
to pepsin, suggesting a highly simplified reaction
mechanism shown in Scheme 1, where Z is pepsino-
gen, E is pepsin and W the peptide released from Z.

k
Z—'% E+wW (@)
E+z Ko, 2F +w (b)

Scheme 1

Recently, Fuentes et al. (2005a) suggested a
general mechanism, shown in Scheme 2, applicable
to any zymogen activation, for which they carried
out a kinetic analysis and suggested an experimen-
tal design and a kinetic data analysis to evaluate the
rate constants k; and k; and the Michaelis constant.
Then they applied these constant values to the ki-
netic characterization of pepsinogen activation.

k4
L — E + W (a)
k2 ka
E+7Z » EZ » 2E + W (b)
k2
Scheme 2

The above mechanism exhibits simultane-
ously two catalytic routes, an intramolecular activa-
tion process, route (), and an autocatalytic zymogen
activation process catalyzed by the same enzyme it
produces, route (b). This mechanism includes the
reversible formation of an intermediary active en-
zyme-zymogen complex in the intermolecular acti-
vation step.

In a more recent contribution (Fuentes et al.,
2005b) a chromogenic substrate of the active en-
zyme is included in reaction medium. The mecha-
nism proposed is shown in Scheme 3. It consists in
the addition of the coupled route (c) corresponding
to the catalytic action of the activated enzyme, E,
on a chromogenic substrate, so that the time course
of the substrate and/or the product of this step can
be experimentally followed using a continuous pro-
cedure. Using this measurement procedure and as-
suming rapid equilibrium of the two reversible steps
they obtained the values of the rate constants k; and
k, and the equilibrium constant K, involved in
Scheme 3 at pH = 3.0 and 25°C temperature.

In all of the contributions mentioned above
the main objective of the kinetic analysis was the de-
termination of the kinetic parameters involved in the

ki
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Scheme 3

reaction mechanisms proposed in each case, and no
theoretical analysis of the participation in the proc-
ess of the intra- and intermolecular zymogen activa-
tion routes valid for the whole reaction course have
been carried out and only some conclusions from
the experimental results were obtained.

In some contributions, the intra- and intermo-
lecular routes in autocatalytic zymogen activation
have only been described from experimental results
(Al-Janabi et al., 1972; McPhie, 1974; Marciniszyn et
al., 1976; Richter et al., 1999). Only in a recent con-
tribution of Fuentes et al. (2005b), an individualised
theoretical analysis of the partition ratio between the
two routes in Scheme 3 has been carried out. Nev-
ertheless, this analysis has some limitations that we
will discuss below.

Therefore, the aims of the present paper are:
1) To perform a complete kinetic analysis and to
suggest a new dimensionless parameter giving the
contribution, to the activation process, at any reac-
tion time, of both activation routes, i.e. the intra- and
intermolecular ones in an zymogen activation proc-
ess evolving according to the reaction mechanism
in Scheme 2; (2) To extend the above procedure to
any zymogen activation process such as those de-
scribed by Schemes 1 and 3; (3) To study the effect
on these parameters of the initial concentrations;
(4) To apply the results obtained to the pepsinogen
autoactivation into pepsin using the kinetic parame-
ter values obtained in the literature; (5) To suggest a
kinetic data analysis and an experimental design to
evaluate k, and k , corresponding to the pepsinogen
activation according to Scheme 2; (6) To review the
previous analysis for the partition ratio between the
uni- and bimolecular activation routes in Scheme 3.

MATERIALS AND METHODS

Simulated progress curves were obtained by
numerical integration of a set of differential equa-
tions describing the kinetic behaviour of the evolv-
ing reaction according to the corresponding mecha-
nism under study, using values of the rate constants
and initial concentrations either published in the lit-
erature or arbitrary, but reasonable. This numerical
solution was found by using the classical fourth-or-
der Runge-Kutta formula, but applying an adapta-
tive stepsize control originally invented by Fehlberg
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(Fehlberg, 1970; Mathews & Fink, 1999) using the
computer program WES, implemented in Visual C++
6.0 for MS Windows and which allows one to simu-
late the kinetic behaviour of enzyme reactions with
up to 32 species (Garcia-Sevilla et al., 2000). The
above program was run on a PC compatible compu-
ter based on a Pentium IV/2 GHz processor with 512
Mbytes of RAM.

The plots of the data obtained from the nu-
merical integration as well as the plot of equation
(50) and the fittings to exponential equation (55)
done in Fig. 5 were carried out using the SigmaPlot
Scientific Graphing System, version 8.02 (2002, SPSS
Inc).

[E;], and [E;], involved in equation (7) are
obtained as explained in the Theory section.

The experimental data necessary for the ap-
plication of these analyses were taken from previ-
ous contributions from our group (Fuentes ef al.,
2005a; 2005b) and from other authors (Al-Janabi et
al., 1972).

KINETIC ANALYSIS OF THE RELATIVE
PREVALENCE OF THE ACTIVATION ROUTES

This section is entirely devoted to an analysis
of the relative contribution of both activation routes
in Scheme 2. Then, as part of the Results and Dis-
cussion section we will extend the analysis to other
more or less complex zymogen activation mecha-
nisms. We will suggest new dimensionless param-
eters needed to establish the relative contribution of
both activation routes (2) and (b) in Scheme 2. Some
of these parameters are concentration-based and oth-
ers are rate-based.

Notation and definitions

In the following we summarize some notation
and definitions, some of them introduced here for
the first time and all of them necessary to facilitate
the analysis below.

[E], [Z], [EZ]: Instantaneous concentrations of
the species E, Z and EZ, respectively.

[El, [Z]y [EZ], Initial concentrations of the
species E, Z and EZ, respectively.

K, : The Michaelis-Menten constant for the ac-
tivation of zymogen towards its active enzyme, i.e.:

k., +k
K, =22 m

K,: The dissociation constant of the EZ com-
plex, ie.:

409
k_,
K, == )
[E;];; Total active enzyme concentration at

time ¢ derived from zymogen activation, i.e.:

[Eql, = [E] + [E] = [E], ©)
n: Dimensionless parameter defined as the
fraction of [Z], activated to the active enzyme E, i.e.:

_[E]-[E],
[Z][] (4)

Note that when all the zymogen, Z, has been
activated to the enzyme, E, then n = 1.

t.: The time from which the zymogen activa-
tion is complete. Strictly, this time is equal to the
time in which n = 1. Nevertheless, since reaching the
value n =1 can be too high or difficult to know, due
to experimental difficulties, the reaction can be con-
sidered complete for an n-value less but near unity,
e.g. 1 =0.9999. Thus, t_is the time in which the re-
action reaches n = 1 or any arbitrarily chosen value
near unity that we will denote as 7. In this work
we always considered 7, = 0.9999.

[E;]l,; Total active enzyme concentration at
time t derived from the unimolecular (intramolecu-
lar) route, i.e.:

(E,1, = [ k(Z)dr 5

where t’ is any reaction time which in the resulting
integral must be replaced by ¢.

[E;]l,;; Total active enzyme concentration at
time ¢ derived from the bimolecular (intermolecular)
route, i.e.:

[Eq), = [Ef], = [Eq], (6)

Suggested dimensionless parameters giving the relative
prevalence of both activation routes.

The fraction of [E;], derived from the in-
tramolecular route, which we denote as R, is:

Rz[' @)

Likewise, the fraction of [E;], from the inter-
molecular route, which we denote as R, is

_LE],

= ®)
[ET ]H

]
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Obviously, from equations (6), (7) and (8) we
have:
R,+R,=1 )

Next, we define a dimensionless kinetic pa-
rameter, R, giving the relative contributions to the
activation process of both routes (a) and (b) as the
partition ratio:

(10)

From equations (9) and (10), R can be written
as a function of R, only or as a function of R, only
by means of:

RH
=1k an
or
1-R,
R=—2 (12)
b

Any of the above defined dimensionless pa-
rameters R, R, and R can be used to know the rela-
tive weight of the intra- and intermolecular-activa-
tion routes and from any of these parameters the
other two are immediately determined from equa-
tions (10)—(12).

The above-defined parameter R, furnishes the
relative weight of the unimolecular and bimolecular
activation routes from t = 0 to any reaction time ¢
based on the concentrations. Depending whether R,
> 05, R, =05 or R, <0.5, at the reaction time con-
sidered, the unimolecular route will prevail over the
bimolecular one, both routes will be balanced, or the
bimolecular route will prevail over the unimolecular
one, respectively.

This participation of the intramolecular route
can be also expressed as the percentage of the total
active enzyme derived from the zymogen activations
as 100R,.

In the following, we will denote as R ; the R,
value at the onset of the reaction and as R the R
value at the end of the reaction, i.e.:
H 0 - 1:1];[}] R (13)
R, ., =1m R, (14)
f—> o

Evaluation of R,

In order to obtain analytical equation [e.g.
equation (45) below] from equation (7), giving the
time course of R, during the whole course of the re-

action, the corresponding analytical expressions for
[Z] [e.g. equation (40) below] and [E;], [e.g. equation
(43) below] valid during the whole course of the re-
action are required. But this is not the case concern-
ing Scheme 2.

The values of R, at any reaction time (includ-
ing obviously those of R w0 and R ) can be ob-
tained from numerical integration as follows. The
kinetic behaviour of species Z, E and EZ involved in
the mechanism shown in Scheme 2 is described by
the following set of differential equations:

% =k [2)- k,[2)[E]+ k_,[EZ] )
a{}:] = k[ 21k, [Z][E]+ (k_, + 2k;)[EZ] (o
dlEz] ko[Z)[E]- k., + ky)[EZ] w0

dt

To evaluate the integral in equation (5) we
can merely add, to the above set of differential equa-
tions, the equation:

d[E,]
dt

==k[Z] (18)

The differential equations (15)—(18) constitute
a non-linear system that does not allow any analyti-
cal solution. However, the solution can be obtained
by numerical integration by applying any integra-
tion method. Numerical integration of the above set
of differential equation furnishes the time course of
[Z], [E], [EZ] and [E;],. From the values of [E] and
[EZ]-values at any time the [E;] -value (i.e., [E] +
[EZ]-[E],) is immediately obtained. The program
WES has an option yielding also the sum [E] + [EZ].
In Fig. 1, as an example, we show the result of a nu-
merical integration of the set of differential equations
(15)—(18) for the same values of the rate constants
and initial zymogen concentration used by Fuentes
et al. (2005). According to equation (7), dividing the
instantaneous values of [E;], and [E;], the time
course of R is obtained. In those cases where R,
< 0.5 there exists a time, which we will denote as é,
at which R = 0.5 and therefore from time t = 0 until
t = 0 the intramolecular route prevails and after this
time the intermolecular route prevails. In Fig. 2 we
show the time course of R, for the same values of
the rate constants as in Fig. 1 and different values of
the initial zymogen and enzyme concentrations.

In spite of the fact that no analytical expres-
sion of R, valid for the whole course of the reaction
exists, an analytical expression can be obtained for
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Figure 1. Simulated progress curves of [Z], [E], [EZ], [ET]u
and [ET], obtained from numerical integration of the set
of differential equations (15)—(18).

[E;], is obtained from equation (3) either apart or using
the corresponding option of the software WES. The reac-
tion is considered finished when n_ = 0.9999. The follow-
ing values of the rate constants and initial zymogen con-
centration were arbitrarily chosen for the integration: k, =
40x103 s, k,=1.0x 10 M s, k, =21 x 104 57, k=
5.4 x 10™* s7! and [Z], = 24 pM and the values of the initial
enzyme concentrations were in (A) [E], = 0 and in (B) [E],
=10 uM. The values of the time for which n = 1_ were
1859 s in (A) and 1857 s in (B). The inset shows details in
the first 25 s of the reaction.

R, valid only for the first instant of the reaction. Ef-
fectively, at a short reaction time, t (t — 0), from the
onset of the reaction, the instantaneous concentra-
tions of both the zymogen, Z, and the free enzyme,
E, remain near their initial concentrations, i.e.

[Z] = [Z], (t=0) (19)
and
[E] = [E], (t—=0) (20)

During this short reaction time, according to
equation (18), it is observed that:
[ET], = k[Z],t

(t>0) (21)

osk W ————
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00 1 I I
0 800 1200 1800
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Figure 2. Time course of R, corresponding to Scheme
2 obtained from simulated progress curves of [ET]u and
[E;]l, for the same values of the rate constants as in
Fig. 1.

The reaction is considered finished when 7_ = 0.9999. (A)
In all cases [Z], = 24 uM and in curves 1, 2 and 3 the [E],
values were 0, 1 and 10 pM. The values of R, 0and ¢,
in curves 1, 2, and 3 are given in Table 1. (B) In all cases
[E], = 0.01 uM and in curves 1, 2 and 3 the [Z], values
were 0.1, 1 and 10 uM. The values of R, _, 6 and t_ in
curves 1, 2 and 3 are given in Table 1. The inset shows
details in the first 25 s of the reaction.

Hence, adding side by side differential equa-
tions (16) and (17) and taking into account equation
(3) the following equivalence is obtained:

d[E;]

! < x k[Z], +k,[EZ] (t=0) (22)

An approximate expression of [EZ] valid for
very short reaction time can be derived from equa-
tion (17) inserting in it equations (19) and (20) and
integrating the following resulting linear differential
equation:

AEZ] (2} [e) -+ )lEZ €0 @D

dt
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with the initial condition [EZ],= 0. The result is

R L e

+k,

If this expression of [EZ] is inserted into equa-
tion (22), we have, after integration:

[£,], z[k. +"1"*1F‘]"][zl,,r +
! Lk, +ky
+ kk, | Z),LE], _ie-rr. Lkt _1}

t=>0
k ,+k)* ( )

(25)

If equations (21) and (25) are inserted now
into equation (7) it results in the following ap-
proached analytical equation for the time course of
R, from t = 0 to a very short reaction time, t-value:

R ~ kI[Z][,r/ {[kl + kki[E], )Z]Ur +
/ k., +k

DL )

(k—: +hk, )1 20)

The approached equation (26) is only rigor-
ously valid at t = 0 and in this case both the nu-
merical value of R (ie. R ;) and that setting t = 0
in equation (26) coincide, and they are equal to uni-
ty. Thus, we have shown that in the mechanism in
Scheme 2, independently of the [Z], and [E], values,
it is observed that:

R,,=1 (27)

We have been not able to find equivalent rea-
soning to derive an approached analytical equation
for R, .. [Note that equation (26) is only valid for
low t-values]. We only can state that:

0<R,.<1 (28)

RESULTS AND DISCUSSION

Previously, kinetic analyses of the reactions
whereby a zymogen is simultaneously activated
through both a uni (intra)- and a bi (inter)-molecular
routes by the action of the active enzyme were per-
formed and used for the experimental determination
of the kinetic parameters involved in the activation
reaction (Al-Janabi ef al., 1972; Glick ef al., 1989; Lin
et al., 1992; Richter et al., 1999; Fuentes et al., 2005a;
2005b). However, as far as we know, none of the
above contributions carried out any complete kinetic
analysis regarding the relative contributions of both
routes. Only some results arising from experimental
results (Al-Janabi et al., 1972; McPhie, 1974; Mar-
ciniszyn et al., 1976; Richter et al., 1999) have been
reported. Fuentes ef al. (2005b) made an individual-

ised analysis for Scheme 3 whose validity and limi-
tations are discussed below.

We have defined by means of equations (7),
(8) and (10) three dimensionless kinetic parameters,
R, R, and R, any of them furnishing the instanta-
neous contribution of both the activation routes in
Scheme 2 corresponding to the autocatalytic activa-
tion of a zymogen, including the formation of an ac-
tive enzyme—zymogen complex. This reaction scheme
(Fuentes et al., 2005a) is the most simple one which
covers the main features described in the literature,
i.e. a route of intramolecular activation of the zy-
mogen into the active enzyme, E, and one or more
peptides represented by W [(route (a), Scheme 2]
(Al-Janabi et al., 1972; Glick et al., 1982; Hayashi &
Sakamoto, 1986; Kageyama & Takahashi, 1987; Ta-
naka & Yada, 1997) and a route of autocatalytic acti-
vation of the zymogen by the active enzyme formed
[route (b), Scheme 2] (Al-Janabi et al., 1972; Hayashi
& Sakamoto, 1986; Abad-Zapatero et al., 1990).

Route (a) of Scheme 2 condenses in a single
step, the whole process corresponding to a confor-
mational change of Z molecules brought about by
low pH and the subsequent cleavage of an N-ter-
minal peptide. Thus, k, is actually an apparent rate
constant corresponding to the whole process lead-
ing from Z to E and W by intramolecular activation.
Route (b) of Scheme 2 has been assumed to follow
a single Michaelis-Menten mechanism instead of the
more general Uni-Bi mechanism. This approach is
the usual one used to describe mechanisms of au-
tocatalytic zymogen activation and has been suffi-
ciently justified (Garcia-Moreno et al., 1991; Vazquez
et al., 1993; Manjabacas ef al., 1992; 1995).

The definition of R, for Scheme 2 given by
equation (7) and its associated equations (3) and (5)
are independent of the initial conditions and, there-
fore, of the presence or not at the onset of the reac-
tion of the free enzyme E. In Fig. 2 we show the time
course of R, under different initial conditions and in
Table 1 we summarise the values of 6, t_ and R,
corresponding to each of the curves. The followiﬁg
common features arise from Fig. 2 and Table 1:

(1) The time course of R considerably differs
according to the initial conditions, as expected.

(2) In all cases R, continuously decreases from
R,y =1 until a constant value, R i.e. at any reac-
tion time it is observed that R ;2R 2R, .

(3) Since [E;], =0 at t =0 and, therefore, when
numerically determining R, an indetermination of
type 0/0 arises for t = 0, it is easy to show that this
indetermination is equal to unity [see equations
(26) and (27)], i.e, it is always observed that R ;=1
and, therefore, it is [Z],- and [E]-independent.

(4) In contrast to R, R, _ is always [Z],- and
[E],-dependent.

(®) R, ., can be higher, equal or less than 0.5

u,



Vol. 53

Intra- and intermolecular routes in zymogen activation

413

Table 1. Values of 6, ¢, and R, corresponding to each of the time progress curves in Fig. 2.

For completeness on the 2nd and 3rd columns we repeat the values of the initial zymogen and enzyme concentrations

used for each of the curves in Fig. 2.

Curve [Z], (uM) [E], (uM) 0 (s) t, (s) R,.

(A)-1 24 0 183 1859 0.2889
(A)-2 24 1 157 1855 0.2602
(A)-3 24 10 10.8 1840 0.0852
(B)-1 0.1 0.01 - 1906 0.5538
(B)-2 1 0.01 261 1865 0.3562
(B)-3 10 0.01 179 1432 0.2845

(6) If R, ., > 0.5 (as it happens in curve 1 of
Fig. 2B) then the predominant route is the intramo-
lecular one, during the whole course of the reaction.

(7)If R, <05 then there exists a time, which
we will denote as 0, at which the predominant route
changes from the intra- to the intermolecular one.

(8) At a fixed [Z], value R _, t, as well as 6
decrease when [E], increases.

(9) At a fixed [E], value R _, ¢, as well as 6
decrease when [Z], increases.

Extension of our analysis to other schemes
of zymogen activation

In this contribution we suggest a methodol-
ogy of establishing the relative participation of both
activation routes in zymogen activation evolving ac-
cording to Scheme 2 from the previous knowledge of
the values of the rate constants and initial conditions.
This procedure, which is based either on the net ac-
tive enzyme concentration or on the relative rate
constants, is easily extrapolated to any other more or
less complex enzyme reactions involving routes of in-
tra- and intermolecular zymogen activation. In those
cases in which no analytical expressions are possible
for the whole time course of the species involved, as
it occurs for example in Scheme 3, only a procedure,
totally analogous to that used for Scheme 2, based on
numerical integration of the corresponding set of dif-
ferential equations describing the kinetic behaviour of
the system is possible. On the contrary, if time course
analytical expressions valid during the whole course
of the reaction are possible for the species involved,
as it happens for example in Scheme 1, then the nu-
merical procedure can be replaced by another easier
totally analytical one, based on the same general
equations defining R,. Next, as an example, we de-
termine R, for the zymogen activation reaction evolv-
ing according to Schemes 3 and 1.

Scheme 3

Proceeding for Scheme 3 analogously as we
did for Scheme 2 we obtain the following expres-
sions for R

_ [E,],
" [E)+[EZ)+|ES)-[E),

(29)

where [E], [E], [EZ] and [ES] are obtained by nu-
merical integration of the set of differential equa-
tions:

% = k[Z]- k,[Z][E]-k,[SIE]+
+(k_, +2k)[EZ]+ (k_, +k,)[ES] 30)
%=—kl[Z]—fcz[E][Z]+k-g[EZ] G1)
% = k[Z] [E]- (k , +k,)[EZ] (32)
AES)_ (5] ) e, +koes] )
ATy 15111k [es] o4
d(E; ] (35)
it T
= 1[Z]

Proceeding as for Scheme 2 one obtains that,
for a very short reaction time, the same expressions
for R, given by equation (26) and at ¢ = 0, equation
(27) is also fulfilled.

Scheme 1

In this case [E,], is given by:

[Eql, = [E] - [E] (36)
and the system of differential equations describing
the kinetic behaviour of the activation is:

dlz]_ ..
— = klZ] k[Z][E] (37)
E]_ jiz1 1k 2]l o9
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For this simple reaction scheme, analytical ex-
pressions can be obtained for the time course of Z
and E. Effectively, from the mass balance we have:

[E] = [Z], + [E]y - [Z] (39)
Hence, if equation (39) is inserted into equa-
tion (37) we have, after integration:

_ A%
[Z] B k, +k,[E], +k, [Z]o‘g_ir

(40)

where:
A=k, + ky([E], + [Z]) (41)
If in equation (40) we set [E], = 0, the same
expression for [Z] derived by Al-Janabi et al. (1972)
is obtained, as expected, for Scheme 1 in the ab-
sence of enzyme at the onset of the reaction.
Hence, from equations (36) and (39) it results:

[E7l, = [Z], - [Z] (42)
If equation (40) is inserted into equation (42),
we have:

g = G AIELNZh( )
e k +k,[E], 4‘;‘72[2]03_/:F

(43)

Hence, if in equation (35) we insert equation
(40) and we solve the indicated integral, we obtain:

[E,], =£]n % —
ky, k +k[E],+k,[Z],e”

(44)

If now equations (43) and (44) are taken into
account in equation (7), we have:

_ ki + k[, + K[ Z]e ")

" kz[Z]n(kl + kz[E]o)(l - “”M)
A

-In -
ki +ky[Ely + ky[Z]ge™™

(45)

The above equation (45) is a rigorous analyti-
cal expression giving the R, value corresponding to
the excessively simplified reaction mechanism in
Scheme 1.

From equation (45) and (13), and the limit
theory, it is easy to show, after solving the indeter-
minate type =0, that R, is given by:

k

R =—"—""+
u,0 kl +k2[E]U (46)

Note that, on the contrary, for Schemes 2 and
3, R, is [E]-dependent and that if [E], > 0 then R,
< 1. Note also that R, ; is higher, equal or less than

0.5 according to k; is higher, equal to or less than
k,[E], respectively.

Likewise, from equation (45) and (14) we
have:

R, =y~
klZl, &+ k],

(47)

R, .. given by equation (47) is, as expected, a
quantity 1ying between 0 and 1 according to the val-
ues of the rate constants and initial concentrations.

From the meaning of 1 [see equation (4)] and
equation (39) the following relation between [Z] and
1 exists:

(21 = (1 = nlZ], (48)
If now equation (48) is inserted into equation

(40) it results in the following relationships giving

the time ¢ needed for 1 to reach a determined value:

—lln (kl +k3[E]0)(I_‘7)
Ak +k[E]+k[Z]n

(49)

If [E], = O, then equations (45)—(49) become re-
duced to:
k, + k,[Z]Oe_“" tho[Z]o )t

v = kz[Z]U|_1 _e—{k|+k:[lla)!].
ki +k,[Z],

n k] + kz[z]ue*[fﬂ*r‘lezlo ) (50)
Ru/o =1 (51)
e k| kthiZ], -

k(2] k,
S Y () -
ki +k,[Z), Kk +k[Z]ym

It is observed that the time course of R, could
also be studied by numerical integration of the set of
differential equations (37) and (38) in a similar way as
it was done for Schemes 2 and 3. Nevertheless, when
as in this case rigorous analytical solutions are possi-
ble, they are preferable due to their wider generality.

Another observation to be made is that Scheme
1 can formally be considered as a particular case of
Scheme 2 when k; — . Thus, all of the numerical
and analytical treatment performed for Scheme 2 is
also valid for Scheme 1. For example, if in equation
(26) we set k; — o it becomes equation (46).
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Table 2. Values of k, and k, obtained at different pH by
Al-Janabi et al. (1972) for activation of pepsinogen to
pepsin

pH k; (min™) k, (min! x mg/ml™Y)
1.0 41+07 1+02

2.0 26+02 1.3+04

3.0 0.39 = 0.05 2.6 +0.6

4.0 0.008 + 0.0005 0.20 + 0.03

Contribution of the intra- and intermolecular routes
in pepsinogen autoactivation kinetics

Now, we apply some of the results obtained
in the present paper to suggested models of pep-
sinogen activation involving one route of intramo-
lecular activation and another one intermolecular
(Koga & Hayashi, 1976; Vardn et al., 1994; Richter
et al., 1998; Fuentes et al., 2005a; 2005b). In none of
these contributions was any analysis allowing one to
predict the contribution of the two activation routes

o 20 40 60 80 100

6
time (min)

(B)

O_U 1 1
0 20 40 60 80 100

time (min)

Figure 3. Time progress curves of R, for pepsinogen ac-
tivation at the four different pH’s indicated and two dif-
ferent concentrations: (A) 1 mg/ml and (B) 0.5 mg/ml.
The values of the rate constants k; and k, at each pH were
as indicated in Table 2. The insets show details in the
first 10 min.

from the values of the kinetic parameters and initial
concentrations carried out. Only some conclusions
based on the experimental results were made. Next
we will apply our analysis to calculate the contribu-
tion of both activation routes involved in the pep-
sinogen activation carried out experimentally. For
this task we will take the experimental results ob-
tained by Al-Janaby (1972) and Fuentes et al. (2005a)
concerning pepsinogen activation in the presence of
only the zymogen at the onset of the reaction to bet-
ter mimic the physiological conditions.

Al-Janabi (1972), by experimentally studying
pepsinogen activation at different pH values and
at 28°C and assuming a reaction mechanism as in
Scheme 1, obtained the values of k; and k, shown
in Table 2. However, he did not obtain any quan-
titative relationship of the contributions of both ac-
tivating routes. In Fig. 3 we have plotted equation
(50) corresponding to the time course of R, in the
pepsinogen activation in the absence of pepsin at
the onset of the reaction according to Scheme 1 us-
ing the rate constants values from Table 2 and two
different initial zymogen concentrations.

In Table 3 we summarise the values of 6, t_
and R ., corresponding to each of the curves in
Fig. 3. Since [E]; = 0, according to equation (51) R,
=1 in all cases. From Fig. 3 and Table 3 the effect of
the pH and initial pepsinogen concentration on the
time course of R, and the values of R, _, 0 and ¢
are evident.

Recently, Fuentes et al. (2005a) proposed a re-
action mechanism for pepsinogen activation in the
absence of pepsin at the onset of the reaction ac-
cording to Scheme 2 in which Z is pepsinogen, E
is pepsin, EZ the pepsin—zymogen complex and W
the peptide released from pepsinogen. These au-
thors obtained, assuming a uniexponential kinetic
behaviour, the values of the rate constants k; and k;
and the Michaelis constant K equal to (5.14 + 0.56)
x 1073 57, (6.13 = 0.14) x 10 s7! and (1.50 + 1.29)
x 107 M, respectively, at 5°C and pH = 2. But the
relative contribution of the intra- and intermolecu-
lar activation routes was not analysed in the men-
tioned contribution. Now, we can apply our results
from this contribution for Scheme 2 under uniexpo-
nential behaviour to calculate the dependence of the
time course of R, on the initial zymogen concentra-
tion for the same experimental conditions for which
the rate constants and the Michaelis constant were
evaluated. For the numerical integration of the set
of differential equations (15)—(18) we need to know,
apart from [Z], [E], k; and k;, the rate constants k,
and k_,. But the individual values of k, and k_, are
not yet known, only their relationship through K
and k,. Effectively, according to equation (1) it is ob-
served that:

k= kK, =k,

u,0o"

(54)
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Table 3. Values of 0, t, and R, , corresponding to each of the time progress curves for R in Fig. 3

Initial pepsinogen

Curve concentration (mg/ml) pH R,. 0 (min) t. (min)
(A)1 1 1.0 0.8948 - 1.9900
(A)-2 1 2.0 0.8109 - 2.6440
(A)-3 1 3.0 0.3058 0.5782 3.9940
(A)-4 1 4.0 0.1303 6.5500 65.0000
(B)-1 0.5 1.0 0.9436 - 2.0300
(B)-2 0.5 2.0 0.8926 - 2.9100
(B)-3 0.5 3.0 0.4339 1.5730 6.3200
(B)-4 0.5 4.0 0.2082 13.7125 109.4000

Equation (54) shows that there is a minimal k,
value (corresponding to k_, = 0) equal to k;/K,, equal
to 4.0867 x 10° s7 in this case, and that the higher k,
values determine the corresponding k_, values.

In Fig. 4 we show the time course of R, us-
ing for k; and k; their above-indicated values and
for [Z],, k, and k_, the values shown in Table 4. The
value k, = 1 x 10° has been included in Table 4 to
have the values of f_ and, in its case, of 6, when
k, - oo, but no cori‘esponding plot is drawn in
Fig. 4. From Fig. 4 and Table 4 the following results
are evident: (1) For a fixed [Z], value ¢, increases
when k, decreases; (2) For a fixed k, value R in-
creases when [Z], increases; (3) For a fixed k, value
R, at any time increases and f_ decreases when [Z],
decreases; (4) Great differences in the k, values pro-
duce only very small differences in the R, values at
any reaction time; (5) Only for high [Z], values there
is a transition between the predominant routes from

1.0

e

}[Z]o= 2.5 M

% Yizig= 10 um

05 2
?;}mﬂ: 100 uM
2
1 1 1
0 5000 10000 15000
time (s)
Figure 4. Different time progress curves for R, corre-

sponding to K, = 1.5 x 107 M and a fixed initial pep-
sinogen concentration [Z]; but different k,-values.

The values of k, were 4.0867 x 10° M s in curves
1, 1.000 x 10* M! st in curves 2, 1.000 x 10° M! s7! in
curves 3 and 1.000 x 10 M s7!in curves 4. The fixed ini-
tial pepsinogen concentration used in the simulations was
as indicated. The values of the rate constants used for
each time progress curve R, were: k; = 5.14 x 10 s7! and
k; =613 x 107 s7L,

the intra- to the intermolecular one; (6) In the case
of transition of both routes the above-defined time 6
increases when k, increases at a fixed [Z], value; (7)
At any fixed [Z], value a minimal R, _ is reached
when k, = o; (8) At any fixed [Z], value, the differ-
ence between the R _ values corresponding to the
minimal k, value and k, — oo is small; (9) For any
[Z], value, Fig. 4 and Table 4 allow one to establish
the upper and lower limits for the R, value at any
time that correspond to the minimal k, value and k,

= oo,

Suggestion of a procedure for the evaluation
of the individual values of k, and k_,

Obviously, if the k, and k, values could be
known, then only one plot of R, would exist for
each [Z], concentration. But our analysis allows us
to suggest the experimental workers a procedure to
estimate these two constants from experimental data
under any experimental conditions for any zymogen
activation fitting the model in Scheme 2. This pro-
cedure could consist of the following steps: (a) Eval-
uation of the values for the rate constants k; and k,
and K, as made by Fuentes et al. (2005a); (b) For

16000
- [Z]p = 100 uM
n
] _ [Zlp=10pMm
12000 | [ ]
@ . . [Zlo=2-5uM.
8 ]
8000 - [Zlg=1uM
[ 0 *
4000 : . : : : . ;
6 8 10 12 14 16 18 20 22

In ko

Figure 5. Plots of t_, vs Ink, from Table 5 for each of the
corresponding pepsinogen concentrations.

The pepsinogen concentrations used were: 1 uM (@), 2.5
uM  (m), 10 pM (O), and 100 uM (O). The solid lines
are plots of equation (55) to which the data were fitted.
The values of a4, b and ¢ are summarised in Table 5.
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Table 4. Values of k,, k_,, 0, R, ., and t_ corresponding to each curve in Fig. 4.

The value of k, = 1 x 10° and the corresponding one of k_, were added to have the limit values of R,. and t_ at high k,

values. Note that K, = 1.5 x 107 M in all cases.

[Zl, @M)  Curve  k,(M1s?) k, (s 0 (s) R,. t,

1 1 4.0867 x 10° 5.0033 x 10 - 0.7906 13853
1 2 1.0000 x 10* 8.8700 x 104 - 0.7999 10041
1 3 1.0000 x 10° 14387 x 102 - 0.8200 7658

1 4 1.0000 x 106 0.149387 - 0.8239 7426

1 - 1.0000 x 10° 150.00 - 0.8244 7404

25 1 4.0867 x 10° 5.0033 x 10 - 0.6782 14481
25 2 1.0000 x 10* 8.8700 x 104 - 0.6924 12035
25 3 1.0000 x 10° 1.4387 x 102 - 0.7180 10488
25 4 1.0000 x 106 0.149387 - 0.7218 10342
25 - 1.0000 x 10° 150.00 - 0.7223 10326
10 1 4.0867 x 10° 5.0033 x 10 - 0.5388 15065
10 2 1.0000 x 10* 8.8700 x 10 - 0.5563 14129
10 3 1.0000 x 10° 1.4387 x 102 - 0.5751 13542
10 4 1.0000 x 10° 0.149387 - 0.5773 13485
10 - 1.0000 x 10° 150.00 - 0.5778 13475
100 1 4.0867 x 10° 5.0033 x 10 3031 0.4548 15274
100 2 1.0000 = 10* 8.8700 x 10~ 3178 0.4602 15154
100 3 1.0000 x 10° 14387 x 102 3310 0.4641 15085
100 4 1.0000 x 10° 0.149387 3325 0.4647 15077
100 - 1.0000 x 10° 150.00 3354 0.4653 15074

any experimental value of initial zymogen concen-
tration, experimental determination of the time the
reaction takes to complete the activation of Z into E,
ie t .. () Using this initial value of the zymogen
concentration and those of k;, k; and K, plotting of
curves corresponding to different values of k,, like
curves 1, 2, 3 and 4 in Fig. 4; (d) From the above
plots, drawing, in a figure like Fig. 5, the different
t,-values vs k,; (e) Then, using this plot, determini-
nation of the k, value corresponding to f_ ..

For step (e) either one interpolates or one fits
the different points to an equation, e.g. a uniexpo-
nential one. In our Fig. 4 the points corresponding
to each zymogen concentration fit very well the sin-
gle exponential decay three parameters equation:
t,=a+benk (55)
where the values of 4, b and ¢ are given in Table 5.
Thus, Fuentes et al. (2005a) could have evaluated k,
and k_, by merely measuring f_  for any initial
pepsinogen concentration if they had the present
analysis.

Previous attempt of an analytical expression to evaluate
the contribution of the intra- and intermolecular activation
of pepsinogen

Recently, Fuentes et al. (2005b) studied, both
theoretically and experimentally, pepsinogen acti-
vation according to Scheme 3 at pH = 3.0 and 25°C

and assuming rapid equilibrium in the two reversi-
ble steps. They derived time course equations which
were valid as long as the instantaneous pepsinogen
concentration did not considerably differ (by no
more than 30%) from its initial concentration. As
part of their work, they suggest a partition ratio, r, to
determine the relative contribution of the intra- and
intermolecular routes. They defined r as the quotient
between the rate of instantaneous formation of [E]
in route (a) in Scheme 3 and the rate of formation of
[E] from [EZ] in route (D), i.e.:

__klZ]
L — (56)
2k EZ)
and then, in equation (56) they substituted [Z] by
[Z], and [EZ] by their corresponding equations, ob-
taining:

k2],
"= AT}

2k, efilzh+klshrkke 4

(57)

where [S]; is the initial concentration of the sub-
strate S, K, is given by equation (2) and K, is the
equilibrium dissociation constant of the complex ES
equal to k ,/k,. Depending on whether r > 1, r = 1
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Table 5. Values of a4, b and c obtained from fitting of the data in Fig. 4 to equation (55).

In the 4th column the norm of each of the fittings is given.

[z, upM)  a b c norm
(s) (s) (s)
1 7.400 x 103+ 4.171 x 10713 2.261 x 107 + 6.968 x 10®  9.993 x 1071 + 3.193 x 10°° 9.095 x 10713
2.5 1.032 x 10 + 4.328 1.608 x 107 + 6.832 x 10° 9.933 x 1071 + 5.103 x 103 9.419
10 1.348 x 10%+ 1.112 6.193 x 10%+ 1.773 x 10° 9.943 x 1071 + 3.438 x 1073 2421
100 1.508 x 10+ 1.227 1.035 x 106 + 2.733 x 10° 1.030 + 3.173 x 1072 2.699

or r < 1, the unimolecular route will prevail over the
bimolecular route, both routes will be balanced, or
the bimolecular route prevail over the unimolecular
route, respectively.

Equation (57) was the first analytical equa-
tion proposed to establish the relative contributions
of both activation steps in pepsinogen activation. On
the basis of the present contribution we can offer the
following comments regarding its limitations:

(1) Equation (57) is only applicable at the on-
set of the reaction, when the kinetic equations de-
rived by Fuentes et al. (2005b) are valid, and not
later into the reaction.

(2) 2k;[EZ] is not the rate of E formation in
the bimolecular route. Effectively, equation (30)
gives the total rate of formation of E including both
the uni- and bimolecular routes. If now we subtract
from this rate that in the unimolecular route, k,[Z],
it results in:

(%} =k [Z][E]- K [SIE]+

+(k_, +2k)EZ]+ (k_, + k;)[ES] (58)

which considerably differs from 2k;[EZ].
(3) The definition of r is only given for Scheme
3 and no general validity was assumed.

CONCLUDING REMARKS

Proteolytic enzymes play an important role
in the life cycle of proteins. From a kinetic point of
view, autocatalytic zymogen activation processes are
harder to study since in these cases the activating
and the activated enzyme are the same entity. In the
present study we have derived for the first time a
dimensionless distribution coefficient allowing one
to predict whether the uni- or the bimolecular reac-
tion prevails in the activation process under the ex-
perimental conditions used once values are given to
the kinetic parameters involved in the system. This
coefficient, R , relates, with the reaction time and the
initial zymogen concentration, the relative weight of
the inter- and intramolecular routes in any zymogen
activation process when its kinetic behaviour can be
described by Scheme 2, which includes the zymogen

intramolecular activation step, the intermolecular
activation step between the zymogen and the active
enzyme and takes into account the formation of an
active enzyme-zymogen complex. The results ob-
tained can be extrapolated to many other zymogen
autoactivation reactions involving intra- and inter-
molecular activation routes such as those in Schemes
1 and 3, thus being in our opinion a very useful
tool in the kinetic study of limited proteolysis reac-
tions, key in metabolic regulation. In this way, we
have obtained for the first time the time course of
Z and E in a zymogen activation process evolving
according to Scheme 1 when the activated enzyme
(which coincides with the activating one) is present
at the onset of the reaction.

The results obtained have been applied to the
pepsinogen activation process according to Schemes
1 and 2 using the values of the rate and equilibrium
constants from the literature, giving for the first time
the time course of the contribution of both routes for
any initial values of the pepsinogen and pepsin con-
centrations. Our results include some data predicted,
without any theoretical support, by other authors
(Al-Janabi et al., 1972; McPhie, 1974; Marciniszyn et
al., 1976; Richter et al., 1999), thus both Figs. 3 and
5 involve data reported by Al-Janabi et al. (1972),
who indicated that below pH 3.0 and at concentra-
tions under 1 mg/ml (24.4 uM), pepsinogen acti-
vates predominantly by means of an intramolecular
mechanism, and they also agree with Kageyama and
Takahashi (1987), who indicated that the intramo-
lecular reaction is especially important in the initial
phase of the activation process to generate the active
enzyme and that the intermolecular reaction plays a
significant role in acceleration and completion of the
activation.

It is evident that all active enzyme molecules
obtained by the intra- and intermolecular routes are
equal. However, the kinetics of the two pathways
and so their dynamic behaviour is very different,
since the first of them is a unimolecular reaction,
whereas the second is a bimolecular process. The
predominance of one route or the other is depend-
ent upon the experimental conditions: pH, zymogen
concentration, initial presence of pepsin, etc. (Al-Ja-
nabi ef al.,, 1972; Mc-Phie, 1974; Kageyama & Taka-
hashi, 1987). According to van Hazel et al. (1997), to
maintain strict subcellular compartmentalization of
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hydrolytic activities, efficient regulation of autoac-
tivation is required. Thus there are two counteract-
ing demands: the threshold for intracellular autoac-
tivation must be low enough to allow this process
to take place, but high enough to avoid premature
enzymatic activity. Therefore, the knowledge of the
predominant activation pathway represents a useful
tool in the study of the physiological conditions of
the activation process of a zymogen at intra- and ex-
tracellular levels, as well as in the study of possible
regulation mechanisms of autocatalytic zymogen ac-
tivation processes.

Not all zymogen activations proceed through
the simultaneous routes of uni- and bimolecular ac-
tivations. Many zymogen activation processes are
only bimolecular (Galindo et al., 1982; Varén et al.,
1991; 1992; Vazquez et al.,, 1993; Manjabacas et al.,
1996; Wu et al., 2001). The coexistence of intra- and
intermolecular activation pathways is a feature of
aspartic proteinases, e.g. pepsinogen and proprotein-
ase A. Moreover, with regard to the activation of as-
partic proteinase zymogens, several mechanisms are
possible in physiological conditions, including those
shown in this paper as examples (Foltman, 1966; Pe-
dersen et al., 1979; Kageyama, 1988; Chou & Howe,
2002), but all of them showing the two above-men-
tioned activation pathways. All the mechanisms of
activation of aspartic proteinases can be treated us-
ing the analysis suggested here.

Based on our analysis of Scheme 2 a proce-
dure is suggested that, from the results of Fuentes
et al. (2005a) and the measurement of the time the
activation process takes to completely activate pep-
sinogen, allows the evaluation of k, and k_, from £k,
k; and K,.

Finally, a previous attempt to analytically
quantify the relative contribution of both the uni-
and bimolecular routes in pepsinogen activation
(Fuentes et al., 2005b) has been critically reviewed.
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