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pH feedback on immobilized enzymes is theoretically examined with rcspcct to substrate nnd pH Icvcla. strength of acids 
produced by the reaction. buffering and asymmetry of the system. All the productions of proton by the different reactions arc 
taken into account by using a ‘symbolic species’ If*. The system of differential diffusion-rcnction equations is then integrated 
using numerical methods. The locnl ‘effective cnzymc activity’ modulated by an acidity fxtor enables us to predict and 
quantify evolutions of the systems: NonMichaclian behavior of an immobilized Michaelis-Mcntcn-type enzyme is shown. even 
when pH back-actions are excluded: the analysis of intramembranc pH profiles shoxts that the shift of the optimal pH is a 
complex function of the substrate and pH IcvcIs. the intrinsic pH dcpcndcncc of the enzyme. and the membrane characteristics. 
This study may easily be transposed to other types of cffcctor such as divalcnt cations and used in examining self-regulations of 
multienzyme systems where pH-active reactions are involved. 

1. Introduction 

Immobilized enzyme kinetics has been exten- 
sively studied in the last 20 years; results and 
conclusions have been summarized in many re- 
views and books [l-6]. 

In recent years our group has mainly been 
interested in functional enzyme structures in which 
enzyme activity is monitored in space or time by 
different effecters, namely, enzyme cofactor, sub- 
strate or pH [7-91. Most of the enzymes being pH 
dependent, the proton (H+) may be considered as 
a universal effector. Externally imposed pH levels 
can control enzyme activity and its distribution in 
the matrix; on the other hand, ‘pH-active’ reac- 
tions in which protons are produced or consumed 
may lead to pH modifications giving rise to feed- 
back control of the enzyme activity. 

A number of different pH-activity effects have 

l To whom correspondence should be addressed. 

already been reported in the literature. The shift of 
the apparent (external) optimal pH. relative to the 
intrinsic one, caused by the accumulation of acids 
(or bases) produced in the matrix, was first re- 
ported [lo-161. We have shown in multienzyme 
systems that asymmetrical distribution of enzyme 
activities induced by imposed transmembrane pH 
gradients can lead to active transport pumping of 
substrate [7-9,171; pH oscillations were also pre- 
dicted in open homogeneous systems by using 
alternative pH-active reactions [18-201. 

However. a careful examination of these results 
has shown that some significant parameters have 
been neglected or have only occasionally been 
taken into account. A more systematic analysis is 
still needed. Non-pH-active reactions and reac- 
tions producing strong acids in unbuffered systems 
are the boundary cases and are also the best 
known. However, the problem of production of 
weak acids or that of slightly buffered systems has 
not been studied in detail_ Analytical equations of 
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such feedback kinetics have been established and 
c.xperimentally verified with pH-active enzyme re- 
actions in sohttion [21 J: the neceassary mathemati- 
cal simplification came from the use of a symbolic 
species H*. an function of the free proton con- 
centration 

Our interest here is in extending the use of this 
sprcirs H* to diffusion-reaction kinetics in hetero- 
geneous systems. With this concentration H*. the 
use of a new acidity factor enables us to quantify 
the back-action of protons in relation to substrate 
and pH levels. the strength of the involved acids or 
bases. buffereing and asymmetries. 

For simplicitiy, we chose a reaction catalyzed 
by a Michaelis-Menten-type enzyme E [22]: 

S-tES ES- E+AH (1) 

which may correspond to many enzyme systems. 
The overall. reaction rate u may be written as 
[‘l-24]: 

where S is the substrate concentration (no brac- 
kets will be used for concentrations), V the maxi- 
mum reaction rate at a given pH. and K, the 
Michaelis constant: in general. K, is a function of 
pH but with many enzymes ionization constants of 
the free enzyme E and of the enzyme-substrate 
complex ES are not very different and variations 
of K,, with respect to pH are sufficiently small to 
he neglected_ In this somewhat restricted situation 
(which will be assumed here)_ X. a function only of 
the substrate concentration. is the substrate depen- 
dence of the enzyme E [17.19]. 

Due to protonation of amino acid residues 
located near the active site, V is not constant but 
depends on pH. The ‘pH dependence’ y may be 
expressed by [20.21]: 

u=+K.,rr,(K, i- JI)( Kb + II) (3) 
1.1 

xvhere K, and K, are the ionization constants of 
the protonatable groups and V, the maximum rate 
at optimal pH. pH’. 

In heterogeneous catalysis, for an uncharged 
substrate the local coupling between reaction and 

transport leads to the mass balance [7.26]: 

When the pH of the medium is constant. the 
kinetic laws are simpler; analytical steady-state 
expressions of substrate concentration profiles have 
been established ]26] and time evolutions describ- 
ing transient states have been calculated numeri- 
cally [27]. 

When pH-active reactions are involved the laws 
are more complex and only a few particular aspects 
have been examined [S-10-131: the intramembrane 
proton concentration depends on both the local 
reaction and transport rates and a curvilinear pH 
profile may appear. 

In this systematic analysis, let us consider an 
acid AH which is ionized in water as shown in eq. 
5: 

AH6 A-+H’ (5) 

Due to the ionic nature of the proton, the 
Nernst-Planck equation should be used [28]; but if 
high ionic strength is considered, the electric 
potential created by the spatial distribution of the 
H + in the membrane may be neglected [29]. Under 
these conditions. the problem may be reduced to a 
classical type of diffusion reaction. Nevertheless. 
in general. due to the complexity of equations. 
only numerical solutions are accessible_ 

2. Theory 

2.2. The equations 

For a membrane-bound-enzyme reaction, the 
disappearance of the substrate is expressed by the 
classical diffusion-reaction equation [4.8,26]: 

X being the space coordinate. Since protons are 
involved in several reactions ( Ri), such as water 
ionic equilibrium (R,), acid-base equilibria of the 
acid produced, AH (R&h) (see eq. S), and of any 
non-reactive buffer. BH (Rbh), added, the com- 



plete scheme may be written: 

S -+ AH (enzyme reaction rate D) 

H,O t H+ +OH- (with I(, = H x OH) 

AH* H’tA- (with Kah = H X A/AH) (7) 

BH z==H+tB- (with K,, = H X B/BH) 

The gIoba1 H* production rate is expressed by: 

By writing similar expressions for the other species: 

noting that: 

(afl/ar) R, = (aofr/af) R, 

(afr/at)R,,= -(aAii/af) R,,= (a.d/af) R,, (13) 

(atf/af) R,,= (as/ar) R,, 

and assuming that all the diffusion coefficients are 
equal. eq. 8 becomes: 

a(ff-orr+AIf-f?B) 

al > W,;il 

(14) 

where the symbolic species n* = n - OH -t- AN - 

B obeys the classical diffusion-reaction law: 

(15) 

which may be expressed as a function of space and 
time by: 

As in homogeneous kinetics [21]. W* may be ex- 
pressed as a function of the proton concentration: 

ff+= H- K,/H+ H/(K,,+ H)d- K,,/(K,,+ Hj.Q 

(16) 

where .G? is the total buffer concentration (L%= B 
+ BH ) and &the amount of the species produced 
by the reaction: it is seen from eqs. 10 and 12 that 
the concentration of this species &also obeys the 
diffusion-reaction law: 

Remarks 

c 17) 

(a) The assumption of equality of diffusion 
coefficients enabled us to obtain a general diffu- 
sion-reaction law For the symbolic species H*. In a 
more careful examination of the system the in- 
equality of these diffusion coefficients must be 
considered because. while the diffusion coefficients 
of B and AH may often be equal (weak acids 
protonated or unprotonated). the coefficient of 
H+ is generally much greater (at least 4- or S-times) 
than that of either AH or B. In this case, eqs. 14 
and 15 are still valid but their expression as a 
function of space and time changes and eq. 1% 
can no longer be used. Analytically, it should be a 
problem; but numerically, it is sufficient to replace 
eq. 15a by eq. 15b: 

where: 

(LB) 

(ISC) 

(b) In the Iimiting case where Kah and K,,, are 
both high (no weak acids) and D, = Deb. Ht sim- 
plifies to H-OH [30]. 

-1.,7 Sohing the equations 

With respect to eqs. 3 and 4. the H-+ and S 
concentration profiles are interdependent and no 
analytical solution exists. Numerical methods are 
then necessary to obtain kinetic evolutions of the 
system. If an explicit scheme is used [27], the 
kinetics is given by expressing the local concentra- 
tion at time t + At as a function of concentrations 
at time I: 



where the dimensionless parameters are: 

e being the membrane thickness. Ds the diffusion 
coefficient of S and (J the diffusion-reaction 
parameter [4]. 

Initial concentration profiles and boundary 
conditions being known. evolutions of profiles with 
respect to time can be calculated step by step from 
eqs. 1X and 19. 

The enzyme activity of the membrane is char- 
acterized by two expressions: 

(a) the global potential enzyme activity V(E)‘: 

I’( E)‘=j’ay:dr=~,tr.( E):d\- (21) 
0 

wit!1 its local equivalent, u(E):, being related to 
the pH profile inside the membrane and giving 
information about the distribution of enzyme ac- 
tivities. especially in multienzyme systems: 

(b) the global effective enzyme activity: 

r-(a)‘= l’ ~,‘+‘):d.~ 0y:X.d.X = (72) 

takes into account both the pH and substrate 
concentration levels. and corresponds to the real 
enzyme activity of the membrane (the local equiva- 
lent is r(G):). 

In the steady state. this effective enzyme activ- 
ity is proportional to the sum of the boundary 
fluxes: 

I.(r! )‘-- =X(J::;: - J::?) 

=-AD.[(S,_,-(S),_,J (13) 

All the calculations were made on the IBM 
168-370 computer of the CIRCE at Orsay. and the 
program language was Fortran IV. 

3. Results 

Results are given by classifying systems accord- 
ing to whether or not they are affected by proton 

back-actions. Symmetry of the system is also taken 
into account. Moreover, the systems considered 
have only one steady state, independent of the 
initial state; since shorter computer times are 
required starting with an initially full instead of a 
void membrane, we decided to consider mem- 
branes initially full of substrate. 

3.1. EFliyF?le systems without proton back-action 

Such systems corresponding to reactions that 
do not produce (or consume) protons or to strongly 
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Fig. I. Kinetics of the dimensionless substrate concentration s 
in different planes s = 0. x = 0.1 and s = 1 of the membrane. 
Zone A corresponds to the existence of successive quasi-steady 
states. This zone exists only when the volume ratio L,,..P,,, is 
sufficiently large (t~/~~ 5 100). 



buffered membrane and solutions may serve as 
reference systems to which the deviation due to 
proton back-actions can be compared. 

-7.1’. I. Symmetrical systems 
The local potential activity u(E): is indepen- 

dent of both the space (symmetry) and time (no 
back-action) coordinates. If the substrate con- 
centration is high (zero-order reaction), this is also 
true for the heal effective activity o(8):. If not. 
o(8): becomes space and time dependent_ Such 
systems have been extensiveIy studied [1,26,27] 
and only two remarks should be made in analogy 
with two-enzyme systems [20]: 

(a) First, even with moving boundaries, 
successive quasi-steady states exist only as long as 

the ratio of compartment and membrane volumes 
v,,fv,,, remains large enough (fig. 1). 

(b) Even in this simplest system, the coupling of 
diffusion and Michaelis-type reaction does not 
Iead to a global Michaelis-type kinetics [31]; the 
deviation increases with the increasing CJ value (fig. 
2). 

3.1.2. Asymmetrical systems 
When asymmetry is imposed on the membrane 

by using a transmembrane pH difference, the 
potential activity o( E)f, and the effective activity 
~(8): become functions of the space coordinate. 
When a nonzero order of reaction is considered. 
v( &)k also becomes a function of time. If (J is large 
enough, i.e., the reaction turnover VJK, is larger 
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Fig. 2. NonMichaelian behavior of B membrane containing J 
Michaelis-Menten-type enzyme: The product flutes of the CII- 
zymc membrane ( -) and of a fictive Michaelis-type sys. 
tern (- - - - - -) are compared. The deviation increases with the 
parameter a. 

b AZ 10 
43 300 
44 2000 

ul CT 103 
cj loL 

Fig. 3. The composition asymmetry imposed by a transman- 
brane pH gradient is transmitted to the system only if V( 8’): z I 
(curves A). When V(g)5 c 1, the system is governed by diffu- 

.sion and remains symmetrical (curves C). 



than the transport rate DJe’, this asymmetry 
affects the concentration profiles. The rate is con- 
trolled by diffusion and the shape of concentration 
profiles. imposed by the reaction. is asymmetrical 
(fig. 3). 

The main interest of such asymmetrical systems 
resides in functionaf structures: starting with a 
homogeneous enzyme composition. asymmetrical 
distribution of enzyme activity may be induced by 
a transmembrane pH ‘difference [7-91. 
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Fig. 4. Mid-plane pH, plotted against external pH, for diffcr- 
cnt suhstrote concentmtions. In zone I. y has a maximum and 
in zww IV. y has two symmctricat maxima. but in the two 
zonc~ pH, is tower than pH, and remains near the pH’ value 
(pH’= Xl: so. the system is activated. In zone II. pH, deviates 
from pIi’ and the system is inhibited. In zone III. detailed 
cnlculntions are ncedcd. Results arc given for o = 10 and the 
dimcnsionlcss substrate concentration values xc: 0 (A). 0.03 
(Bt. 0.1 (Cl. 0.3 (D). 1 (E). 3 (F) and 30 (G). 

32. Emyme sys~enzs with strong acid back-actions 

If the pH in the system is neither strongly 
buffered nor strongly acid or alkaline, both the 
o( E)i, and U( &‘)i, activities become space and time 
dependent_ From this feedback action, curvilinear 
pH profiles result and activations or inhibitions 
may appear: the maximum activity of the system 
may correspond to a pH different from the intrin- 
sic optimum pH and an apparent pH dependence 
different from the intrinsic one may result. 

32.1. PI?? profiire 

Even if the pH at the boundaries is monitored 
and constant, the H’ concentration profile shows 
a curvature and y varies as a function of the space 
coordinate. Modifications of the local pH depend, 
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Fig. 5. Potential activity profiles corresponding to three groups 
shown in fig. 4: activation corresponding to zone I (A): activa- 
tion corresponding to zone III (B) and inhibition corresponding 
to zone II (C). 



first of all, on the ratio of reaction and diffusion 
rates of protons, i.e., u(E):, but also on the local 
pH value, which can be taken into account in a 
phenomenological acidity factor 5: 

which gives an account of the concentration of the 
ions in water, H + and OH-. and is maximum 
when the sum of their concentrations is minimum. 
i.e., when a given amount of proton has a maxi- 
mum effect on the modification of the pH value. 

When lu(&‘)Q: -ZX 1, the pH profile, scarcely 
affected by the reaction, is similar to that without 
back-action. When lo(8).Qi > 1, the local pH is 
modified (fig. 4). but due to the logarithmic pH 
scale, the pH profile is flatter than the substrate 
concentration profile: so, the largest pH variations 
are mainly located near the boundaries of the 
membrane. Relations between the external pH. 
pH,. and the mid-plane pH, pHi, are shown in 
Fig. 4; numbered zones define the activation of 
the system. 

3.22 Metnbrarle acriuit_v 
Such pH profiles correspond to typical activity 

profiles. The relative values of the optimum pH of 
the enzyme, pH’. and pH, may define three types 
of back actions: one for pH’ > pH, and two more 
for pH’ < pH, (fig. 5). 

When pH’ > pH,, the steady-state potential ac- 
tivity profile ay(x) always has a minimum. As 
X(x) always decreases from boundaries to the 
mid-plane of the membrane, the effective activity 
profile [u(b)](x) also shows a depression. The 
greater the u value, the deeper the depression. A a 
consequence, the enzyme membrane is more or 
less inhibited (fig. 5C). 

When PI-I’ G pH,, pH, overshoots or does not 
reach pH’ according to whether the initial V(E) 
value is high or low (zones I and III-IV in fig. 4). 
in the latter case (zone I), y(x) has a single 
maximum and [u(B)](x) resulting from the com- 
bination of y(x) and A(x) can present either a 
maximum or a minimum: At high substrate con- 
centration, X(x) remains constant and the y(x) 
profile prevails over the X(x) profile; so, the mem- 
brane is activated (fig. SA). When the substrate 
concentration decreases, the X(x) profile becomes 

very depressed and prevails of the y(x) profile and 
the membrane is inhibited. However, when pH, 
overshoots pH’ (zones III and IV), the pH(x) 
profile intersects pH’ in two different and symmet- 
rical planes of the membrane and the y(x) profile 
has two maxima (fig. 5B). At high initial u(E) 
value. the two maxima are located near the 
boundaries and pH, is much smaller than pH’ 
(zone III): the central layer of the membrane may, 
in this way. degenerate into a pure diffusion layer. 
Only detailed examination can decide whether 
activation or inhibition of the membrane results. 

3.2.3. Potential pH dependettce of the tnetnbratze 
First, the following points may be mentioned: 
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PH, 
Fig. 6. Steady-state potential pH dependcnce V(E) =/(pH,) 
as a function of the substrate concentration s (same values a in 
fig. 4). When en~yrne activity increases (via X value) both the 
deviation between pH’ and pH’( E), and the curvature of the 
pH profile increase. while the maximum activity decreases. 
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(a) Due to proton production, when pH, = pH’, 
pH, is always lower than pH’ and the global 
activity is Iower than that obtained with a pH 
value equal to pH’. On the other hand, if. for a 
given pH, > pH’, pH, is comparable to pH’, the 
membrane activity is almost maximum and so, the 
potential optimum pH, pH’(E) is shifted toward 
higher vafues. (b) Even under optimal conditions, 
pH(x) is never uniformahy eq*_al to pH’ and the 
membrane activity is always lower than the activ- 
ity at pH’ of the same quantity of enzyme in 
solution. i.e. /dy(x)d_r -Z 1_ 

Now, the potential pH dependence of the mem- 
brane. i.e. the potentiai membrane activity V< E) 

c 

PHfL? 
Fig. 7. Steady-state effcctivc pH dcpcndencc I’(E) =f(pH,) as 
a function of the substrate conccntratinn .s (same vnluos as in 
fig. 4). The cffeccivc and potential pH-depcndences arc not 
homothcric (see fig. 6) and the optimsl pH’(&) is different from 
pH’( E). The real pH depcndcncc of the membrane is a ftmc- 
tion of the substrate tevel. the membrane parameter CC and. of 
cuur~e. the intrinsic y functio,n. 

as a function of pH,, can be drawn. The shift of 
the optimal pH, pH’(E), linked to modifications 
of the intramembrane pH, increases with (J and X 
(section 3.2.1). For a given enzyme membrane (a 
constant) and an increasing h value, the shift of 
pH’( E) increases and the maximum potential ac- 
tivity (V(E) at pH = pH’(E)) decreases (fig. 6). 
As a consequence, for a given pH, value. V(E) 

has a maximum as a function of S,. 

3.2.4. Effective pN dependence of the nzembrane 

The real membrane activity is characterized by 

1 

0 
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Fig_ 8. The real membrane activity is a function of the h and y 
profiles. Due to the difference between pH’(b) and pH’( E). to 
one V(E) value may correspond two different V(8) values. 
One is charxrerized by a two-maximum y function (B) and the 
second by a single-maximum y function (A) depending on 
whether or nor pH(x) crosses pH’; the highest V(8) value is 
obtained when the maxima of h(x) and y(x) correspond to 
each other, i.e., 7(x) has two maxima located near the mem- 
brane botrndarks (case B: zone IV in fig. 4). This is clearly 
shown by the global effective activity represented by the cross- 

hatched area. 
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Fig. 9. Effect of a nonreactive pH buffer BH on enzyme membrane activity: (a) The pH profile follows the titration curve or the buffer 
BH; if pK,, = I/2 (pH,l +pH,z), the linearity of pH profiles increases with the D concentration. Conditions are: zero-order reaction, 
o = 10. pH’= 6 and SB = 10d3 (A). 0.1 (B), 1 (C) and 100 (D). The figure shows the initial pH profiles ( -) and the steady-state 
pH profiles (- - - - - -) in every case. (b) A symmetrical activity profile y(x) is obtained when pK hh = pH’ (same conditions as in panel 
a). 

V(8). In solution, the potential and effective pH 
dependences are homothetic and both are centered 
on the intrinsic optimal pH; pH’. This is different 
in membrane systems (figs. 6 and 7) where the 
potential optimal pH, pH’(E), and the effective 
one, pH’( c?), can be distinguished. Nevertheless, 
pH’(B) is always situated between pH’ and 

PH’( E). 
Moreover, when pH, > pH’, V(E) is maximum 

for a pHi value close to pH’; two equal V(E) 
values may thus be obtained, corresponding to 
pH, c pH’ for the first and to pHi > pH’ for the 
second. However, they correspond to two totally 
different V(8) values (even at the same S, value), 
the highest one being obtained when the maxima 

of y(x) and A(x) correspond to each other. i.e., 
when pH, c pH’ (fig. 8). 

3.3. Enzyme systems tvith tveak acid bark-actions 

Now, we will consider conditions when weak 
acids are involved: either a nonreactive pH buffer, 
BH, is added to the medium or the acid produced, 
AH, is weak. 

3.3.1. pH-buffered soIutions 

In a symmetrical configuration, the kinetic 
behavior of buffered systems in which a strong 

.acid H+ is produced is intermediary between strong 
acid production in an unbuffered medium (pH, 
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very different from pK,,, or .%?= 0) (see section 
3.2) and a system without any back-action (pH, = 
PH,, and high z&? value) (section 3.1). That means 
that the time evolution of the intramembrane PI-I 
is slow and the difference pHi - pH, remains 
small. 

The most interesting case is given by an asym- 
metrical system where the buffering acid can mod- 
ify the shape of the initial pH profile. Calculations 
show that the pH profile follows the titration 
curve of the weak acid BH (eq. 14); for instance. if 
pK,, = (pH, + pH,)/2 = pH’. high buffer con- 
centrations tend to linearize the initial pH profile 
and to render the activity profile symmetrical (fig. 
9). increasing the thickness of the active layer of 
the membrane_ 

The behavior of the system depends on the pH 
value, namely, if pHe > pK, -t 2, AH acts as a 
strong acid, but if pH, < pK, - 2, AH has no pH 
effect and so pH profiles remain flat. In the inter- 
mediary pH, range, the reaction increases the 
buffering power of the solution with time and pH, 
decreases without being able to go beiow the pK, 
- 2 value. A typical pIi profile may be observed 
(fig. 10). Such profiles have been obtained with the 
hydrolysis of urea by using urease [32]. 

4. Conclusions 

We have shown that back-actions by proton 
production in immobilized enzyme systems can be 
quantified by the potential enzyme activity V(E) 
which may characterize functional structures and 
by the effective enzyme activity V(8) which is 
directly responsible fcr substrate and product 
fluxes. When the initial V(C?‘) value. corrected by 
the acidity factor 5, is smaller than unity. pH 
back-actions have no effect on the behavior of the 
system: the existence of quasi-steady states and 
nonMichaelian behavior of a Michaelis-Menten- 
type immobilized enzyme were shown, in agree- 
ment with studies on two-enzyme models 117,311. 
When V(8) x=- I. pH profiles are modified by the 
reaction and activations or inhibitions result (table 
1). Contrary to enzymes in solution, the potential 
and effective pH dependences are not homothetic 
and the optimum pH is shifted toward higher 
values with proton-producing reactions. The ap- 
parent optimal pH depends on the intrinsic pH 
dependence. substrate levels and membrane char- 
a .‘.iCS grouped in the diffusion-reaction 
pi _..lieter u. 

Weak acid effects were also included in the 
treatment thanks to a symbolic species H’, which 
is a function of the free proton concentration only; 
naturaIly weak acids are found to behave in the 
same -way as strong acids but with lesser effects. 

All the results may easily be transposed to 
base-producing reactions by interchanging H + and 
OH-. This treatment may also be transposed to 
other types of effector such as bivalent cations 
(Mg” for hexokinase, Caz-_..) which may react 



Table 1 

Bock-actions of an acid-producing ent:;_xc reaction on the activity of the mcmbranc. xvirh rc~p,xt to a nonpH-actikc rcac_tion 

Initial va!ucs of Profiles of Rcsul I.\ (.\cc 

.$W(E)dx PH, 5, h(s) Y(.\-) 
numbered zone.< 
in fro JI 

(1 

>1 

v PH, 
( PH,~PH’ 

1 PH, ’ PH 

tl s, 1 minimum “one no modification 
v SC 1 minimum 1 minimum inhibition (zone II) 

i 

>I 0 minimum 2 mxsimn i inhihition (zone III) 
1 minimum 

-=I I minimum 2 masima i activation (zone IV) 
1 minimum 

-=I 1 minimum 1 maxim”“1 activation (zone I) 

with any complexing agents added in the medium. 
Relations between imposed boundary asymme- 

tries and functional asymmetries are also ex- 
amined. it is clear that this paper is mostly con- 
cerned with pH asymmetries. i.e.. y gradients; but 
results would be similar if other asymmetries which 
concern the reaction term ayX were considered: 
Asymmetry in substrate concentration (X gradient) 
or in cofactor concentration or asymmetry in en- 
zyme distribution (u gradient), as described in ref. 
33, may also produce asymmetrical fluxes of sub- 
strate and product. Nevertheless, pH effects are 
more complex and more interesting because the 
reaction itself may increase or decrease local pH. 
The corresponding results are of fundamental 
importance in predicting self-modifications of pH 
profiles in multienzyme systems and will be very 
useful in showing how an active transport of pro- 
ton can be self-stabilized [9] and become a dissipa- 
tive structure due to autocatalytic mechanisms. 

This study also constitutes a basic work for 
diffusion-electromigration-reaction studies in 
which we are engaged [28,29]. 

The H* species may be inserted in the Nernst- 
Planck equation in order to examine modifications 
of proton profiles and of activity profiles in an 
enzyme membrane placed in an electric field. 

This study has also a few other implications: It 
shows that optimum pH has no meaning in hetero- 
geneous enzyme catalysis if all the conditions are 
not defined (substrate concentration. membrane 
parameter u, y function). This may also be very 
useful in interpreting results obtained with specific 
enzyme electrodes based on pH measurements. 
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