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Two sequential enzymes (xanthine oxidase and uricase) were immobilized in a homogeneous
artificial membrane. The first substrate (xanthine) is a competitive inhibitor for the second
enzyme (uricase). The paper deals with experimental and numerical results obtained with
such a membrane studied under asymmetrical boundary conditions for the inhibitor (xanth-
ine). Asymmetry at the boundaries gives rise to an asymmetrical function. In this way, a
vectorial behavior of the global system is observed; urate concentration is increasing in the
second compartment and decreasing in the first one. It is demonstrated that a pseudoactive
transport is able to arise from a membrane symmetrical in structure when working under
functional asymmetry.

INTRODUCTION

In this report, a study of a structural influence such as diffusion limitation on
the kinetic behavior of a bienzyme system is presented. Artificially
immobilized enzymes are a convenient tool for studying not only this
structural influence in a simple context, but also enzyme behavior under
asymmetrical conditions. Many studies deal with enzyme kinetics, but little
attention has been paid to enzyme catalysis with asymmetrical boundary
conditions. Blumenthal et al. (1) and David et al. (2) have described the
reciprocal effect of enzyme reactions and membrane potential in artificial
systems. A vectorial catalysis effect was observed by Broun et al. (3) with
asymmetrically structured bienzyme membranes. The results to be pre-
sented here deal with a vectorial behavior of a homogeneous bienzyme
membrane. Asymmetrical catalysis effects in chemical engineering were
reviewed by Weisz (4).

Numerous reviews have been devoted to the subject of immobilized
enzymes (5,6). In this study, the enzymes were immobilized with a previ-
ously described co—cross-linking method in a proteic membrane (7). Mos-
bach et al. (8-10) have immobilized several multienzyme systems onto
particles and studied their kinetic behavior experimentally. Goldman and
Katchalski (11) have published a numerical analysis of the kinetic behavior
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of a bienzyme membrane, but without experimental results. Hervagault et
al. (12) and Lecoq et al. (13) performed both experimental and numerical
studies on bienzyme systems. All these studies were performed with sym-
metrical boundary conditions.

In our experimental system, xanthine oxidase is the first enzyme and
uricase the second. Xanthine, the first substrate, is a competitive inhibitor of
uricase.

MATERIALS AND METHODS

Membrane Production. A previously described method (7) was used. A
co-cross-linking process was performed with 26.5 mg/ml plasma albumin,
2.5 mg/ml glutaraldehyde, 1.25IU/ml uricase, and 2.5 IU/ml xanthine
oxidase in a 0.02 M phosphate buffer at pH 6.8 (membrane thickness
50 pm).

Enzyme Activity Measurements. By measuring the inward substrate flux
or the outward product flux for [S]>» K,,,, a determination of the maximal
enzyme activity, Vys, was obtained for bound enzyme or for free enzyme in
solution.

Xanthine Oxidase Activity. Xanthine is transformed into uric acid by
xanthine oxidase (Sigma, from buttermilk) in the presence of molecular
oxygen. Enzyme activity was obtained by measurement of the absorption at
293 nm (Ae =1.2x 10’ cm® mol ™).

Uricase Activity. Uricase activity (Sigma, from Candida utilis) was
obtained by sg)ectrophotometric measurement of substrate consumption
(Ae =1.2x10" cm* mol ™).

For each enzyme, kinetic measurements were performed at pH 9.3 in a
0.05 M glycine NaOH buffer.

Bienzyme System. There is an isobestic point for xanthine and uric acid
at 281 nm with Ae = 0.87 x 10’ cm® mol . Allantoin, the final product, does
not give an absorption at this wavelength. The overall kinetics of the
bienzyme system were measured spectrophotometrically at 281 nm. With
simultaneous measurements at 281 and 300 nm, the concentrations of
xanthine and uric acid could be determined (xanthine Ae at 300 nm:
0.09x 10" cm® mol™*; uric acid Ae at 300 nm; 0.98 x 10" cm® mol ™).

Permeability Measurements. Diffusion through the membrane was
studied using a diffusion cell in which the film under investigation separated
two compartments.

The same cell was used to study time-dependent fluxes and concentra-
tions with different substrates in each compartment, separated by a mem-
brane bearing enzyme activities. The solutions in each compartment flowed
continuously through spectrophotometer cuvettes. The absorptions at
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281 nm and 300 nm were recorded simultaneously in order to follow the
variation of concentrations.

THEORETICAL SECTION

The previously introduced bienzyme system is:
E, E,
I—™S§S—P
L7

Competitive inhibition

[S]is the substrate concentration, [I] is the inhibitor concentration; V; and
V, are maximum enzyme activities for E; and E,; K,,,, and K,,,, are Michaelis
constants for E, and E,; K; is the inhibition constant.

Enzyme Membrane System. Michaelian kinetics do not apply globally in
heterogeneous systems. Nevertheless, the Michaelian expression of enzyme
activity is valid for an elementary volume.

For every substance A with concentration[A]=[A](x, t), and for every
point inside the membrane, ([ A]/d¢) is linked to enzyme reaction and
metabolite diffusion by

aA] - (a[A]) + (a[A])
ot ot diffusion at reaction
The statement of Fick’s second law is:

(a[A]> _ o 9TA]
at / diftusion ¢ 9x*

where x refers to the distance from the origin in a perpendicular direction to
the membrane surface and D, is the diffusion coefficient of substance A.

Accordingly, the continuity equations for I, S, and P inside the mem-
brane can be written:

an_ & (n

ot Do VIK,,,I+[I] v
oqs] - Fsl. [ [s]
a Do PV G ST KL AR 2
[P . 9P] [S]
ot - Or g PV TR a4 K )
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By using dimensionless parameters with the thickness e, e*/D;, and K,,,
as space, time, and concentration units, equations (1), (2), and (3) can be
written as:

3i 8% i
—_—=— -
ot x> it (Kp/Kmy)

with
et
' K, Dy
§E_D5625+0_ i _ M
ot Dpax? it (Km/Kom) s+1+(K./Kpi
with
V, e*
Ty = -
" Ko, D;
op_D,p s

L4
at D[ 6x2 UZS +1+ (sz/KI)l

Boundary conditions for 1 and S

The boundary concentrations are not constrained, so that:

di di
a —+x—=0
(@) at Xow
where
d
——forx=o0
ox
9 _
dv
d
+—forx=e
ax
and
_ Qe
\%

with ) the area of the membrane-solution interface, and V the volume of
solution in each compartment.
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Initial conditions are:
ilo,0)=o0

I

i(e,0)=

my

(b) Boundary conditions for S are the same with the following initial
conditions

[

s(o,0)=s(e,0)=

m2

These nonlinear partial differential equations systems can be solved
numerically on a computer (15).
Numerical resuits will be given togethet with the experimental data.

EXPERIMENTAL AND NUMERICAL RESULTS

The results given in Fig. 1 deal with a monoenzyme membrane (uricase)
studied under symmetrical conditions for substrate (10" mol cm > on both
sides) and asymmetrical conditions for inhibitor (respectively, 0 in compart-
ment 1 and 1.4X 107" mol cm > in compartment 2).

Due to the enzyme reaction, substrate molecules are entering the
membrane on both sides. The flux is leaving compartment 2. There is a
quantitative difference from classic experiments dealing with an immersed
enzyme membrane (14), but qualitatively the behavior is similar: Substrate
molecules are consumed on both sides of the membranes.

With a homogeneous bienzyme membrane (xanthine oxidase—uricase),
a qualitatively different behavior is observed (Figs. 2 and 3). Under the
boundary conditions for substrate and inhibitor described above, urate
molecules are leaving and entering the membrane by the first and the second
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8 \A\‘\::: the concentration in compartment 1 remair'ls
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TIME and xanthine are the same as in Fig. 1.

side, respectively. The urate concentration is decreasing in the first compart-
ment and increasing in the second (Fig. 2). In this way, a concentration
gradient is generated between the membrane boundaries. The entering and
leaving fluxes measured experimentally are given as a function of time in
Fig. 3.

The concentration evolution in both compartments was calculated
numerically on a computer by using the basic parameter values of the system
and the equations previously introduced (Fig.4). A good agreement is
observed between experimental and numerical results.

The behavior of the mono- and bienzyme systems is explained by the
membrane concentration profiles calculated numerically. Substrate con-
centrations are given in Fig. SA as a function of the abscissa in the mem-
brane. The flux at each point is proportional to the slope of the profile. For
V.1 (xanthine oxidase), values are equal to or greater than 0.8X
10™*mol cm™ h™". Slopes at both membrane boundaries are of the same
sign: Substrate molecules enter at one side and leave at the other. The global
behavior is explained physicochemically by the existence of two parts in the
membrane with a concentration lower and higher, respectively, than the
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o ° .
S /" FIG. 3. Measured fluxes as a function of time for uricacid in
e compartments 1 (O) and 2 (@) for the bienzyme membrane
system during the Fig. 2 experiment.
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FIG. 4. “Simulation on the computer.” Cal-
culated time-dependent evolution of uric acid
concentration in compartment 1 (curve 1)
and 2 (curve 2); xanthine concentration in
compartment 2 (curve 3) for the bienzyme
membrane system. The computation was per-
formed with the following parameter values:

Vi=14%10" molem™ b7}
V,=0.5x10"*molem™ h™%;
D;=2.7%10" cm?h™Y;
Ds=2.5%x10"2 cm?h!,
Koy =2X% 10"% mol em™3;
K, =4x10"* mol ecm™;
K;=2%10"%molem™>;
e =5><10_3; V=30 cm3;
Q=2.5cm’

These parameter values are the same as in
Fig. 2.

concentration of the bulk solution. The homogeneous bienzyme membrane
gives rise to a global vectorial effect with asymmetrical boundary conditions.
Figure 5B shows the evolution of substrate profiles as a function of time
when the system is starting under pseudoactive transport conditions (V; =
1.4x10"*molecm™h™"). These profiles deal with the experiments
described in Figs. 2 and 4.

CONCLUSION

The studies dealing with immobilized enzymes were mainly performed
under asymmetrical boundary conditions. Within biological systems,
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F1G. 5(A) Concentration profiles of uric acid inside the
membrane under stationary state conditions for con-
stant V,,, values (0.5%10 *molecm™h™") and for
different V,,, values (1:0; 2:0.4x107*; 3:0.8x 10™%;
4:0.14x107°%;  5:0.5x10molcm™h™).  For
profiles 3, 4, and 5, a pseudoactive transport effect is
observed: ;< S,, and uric acid molecules are enter-
ing and leaving compartments 1 and 2, respectively.
(B) Concentration profiles of uric acid inside the
membrane during evolution (2, 4, 6, 8, 10, and 20
hours) for system starting under pseudoactive trans-
port conditions.

immobilized enzymes are often working between compartments bearing
different metabolite concentrations. The film shape allows a study of the
enzyme behavior under asymmetrical boundary conditions in a well-defined
context (7, 16).

The asymmetrical conditions are able to generate some vectorial
behaviors. The vectorial catalysis deals with two kinds of phenomena: (1)
the asymmetry in the structure of the membrane itself or (2) the asymmetry
in the function created by a gradient between the boundaries of a membrane
homogeneous in structure.

The results described deal with the last aspect. A bienzyme membrane
that is homogeneous in structure becomes heterogeneous in function. A
vectorial behavior is observed: Due to the asymmetrical substrate concent-
ration profile in the membrane a pseudoactive transport effect occurs. A
global mass transfer of substrate across the membrane without or against the
concentration gradient is observed. The system is an example of a vectorial
catalysis effect within a defined context. The results could be useful for the
explanation of the behavior of biological membranes in which facilitated or
active transport is observed. The simulation on the computer is in good
agreement with the experimental results. Evidence for the explanation of a
vectorial catalysis in terms of diffusion-reaction is given.
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