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Experimenral evidence for memory and oscillations in artificial acetylcholinesterase membranes is presented. When 
acetylcholine is injected on one side of an artificial proteinic membrane bearing acetykholinesterase,, a potential difference is 
recorded as a function of time. The steady-state potential due to the enzyme activity for increasing and decreasing substrate 
concentrations exhibits a hysteresis loop. The non-linearity of the enzyme reaction coupled with the diffusion constraints cause 
also some instabilities, such as oscillations of the membrane potential. 

1. Introduction 

Organization in time and space is a fundamen- 
tal property of living systems. The experimental 
evidence for instabilities in bioche.mical systems is 
mainly concerned with oscillations in ho_moge- 

neous solutions involving principally the glycolytic 
system [l-3] and the peroxidase system [4,5]. 

Such phenomena were described as ‘dissipative 
structures’ [6] arising far from the equilibrium. 

The problem of information storage in the phase 
of ‘short term memory’ has attracted considerable 
attention. A plausible mechanism for this phenom- 
enon can be based on an all-or-nothing transition, 
involving hysteresis and metastable states [7]. Such 
phase transitions are thought to require structural 
changes in a macromolecular storage unit [S]. 

Synthetic enzyme membranes have been con- 
structed, in which the internal microenvjronment, 
as determined both by the membrane structure 
and by the local concentrations of reactants and 
products, exerts a profound effect on the mode of 
action of the enzymes [9,10]. 

K%y u&g an artificial urease membrane, Thomas 

et al. [ 1 l] demonstrated the existence of hysteresis 
phenomena through a simple mechanism mod- 
erated by a simple physicochemical .process: diffu- 
sion. The system exhibited an autocatalytic effect 
with reaction product. 

An artificial protein membrane bearing papain 

activity was used by Naparstek et al_ 1121 to pro- 
duce experimentally oscillation phenomena_ The 
system also exhibited an auto-catalytic effect with 
Hi, a reaction product. 

The present article is devoted to artificial 
acetylcholinesterase membranes. The similarity be- 
tween both papain and acetylcholinesterase kinetic 
behaviour suggested that hysteresis and oscilla- 
tions might be achieved with artificial acetylcho- 
linesterase membranes. 

2. Materials and methods 

2.1. Enzyme membrane production 

The artificial acetylcholinesterase membranes 
were prepared with the co-cross-linking method 
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described in the preceding paper [ 1.51. 
Acetylcholinesterase used was from electric eel 
(fraction V-S, Sigma; 1040 I.U./mg). 

2.2. Potential difference measurement 

Experiments were performed in a diffusion cell 
where the membrane separated two 25-ml com- 
partments. The diffusion surface area was O-5 cm2_ 
Identical lo-3 M phosphate buffer solutions at pH 
7.5 were stirred continuously in both compart- 
ments. Acetylcholine chloride was injected into 
one compartment and the potential difference be- 
tween the two compartments was then measured 
using a vibrating-reed electrometer with calomel 
reference electrodes. 

The pH was regulated on each side of the cell 
with pH stats. The determination of the effect of 
acetylcholinesterase activity was obtained by com- 
paring the resulting potential differences with 
membranes, with and without acetylcholinesterase. 

2.3. Hysteresis of the membrane potential 

The inactive protein used for enzyme mem- 
brane production in hysteresis experiments was 
ossein gelatin. Acetylcholine chloride (1 M) in 
phosphate buffer (10e3 M, pH 7.5) was injected 
into one compartment. Decreasing concentrations 
of substrate were obtained by successive dilutions 
in the same buffer. 

2.4. OsciIIations of the membrane potential 

In these experiments, the inactive protein was 
bovine serum albumin (Sigma, fraction V). To 
abolish oscillations, eserine (physostigmine, from 
Sigma) was added at a Fmal concentration of 
5 X 1O-5 M. 

3. Experimental results 

3.1. Hysteresis of the membrane potential 

The artificial membrane used was produced 
with ossein gelatin containing about 50 I.U./cm2. 

Increasing acetylcholine chloride concentrations 

ACh L lo-’ Mb 

Fig. 1. Osscin gelatin membranes. Membrane potentials under 
steady-state conditions as a function of increasing acetylcholine 
concentrations for active (m) and inactive (I) gelatin mem- 
branes and of decreasing substrate concentrations for active 
(0) and inactive (0) membranes. Measurements were per- 
formed in phosphate buffer (1 mM, pH 7.5) at 25T. 

were injected into only one compartment; decreas- 
ing concentrations were obtained by successive 
dilution. 

The potential difference measured under 
steady-state conditions with membranes, with and 
without acetylcholinesterase, is shown in fig. 1. 
Steady potential difference as a function of sub- 
strate concentration exhibits hysteresis loop when 

AC h (1 O-M) 
Fig. 2. Membrane potential due to acetylcholinesterase activity 
in ossein gelatin membranes as a function of increasing(e) and 
decreasing (0) acetylcholine concentration. 
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Fig. 3. Calculated intramembranal pH of ace~ylcholinesterase/ 
gelatin membranes as a function of increasing (e) and decreas- 
ing (0) acetylcholine (ACh) concentration. 

the membrane bears acetylcholinesterase. The con- 
tribution of the enzyme activity to the potential 
difference (fig. 2) is sigmoid shaped for increasing 
and decreasing substrate concentrations. 

By comparing the resulting potential differences 
for membranes with acetylcholinesterase at pH 7.5 
and for membranes without acetylcholinesterase at 
different external pH values, it is possible to 
calculate approximately the corresponding internal 
membrane pH. Results are given in fig. 3. 

AChE (lo’ I.U. cm-‘) 

Fig. 4. Bovine serum albumin membranes. Membrane poten- 
tials of acetylcholmesterase/albumin membranes as a function 
of acetylcholine concentration and enzyme concentration 
immobilized in the membrane. Enzyme concentration is 
express.4 as I.U. per membrane volume unit. Membrane thick- 
ness was 50 pm. When the system crossed the area depicted by 
hatching, oscillations occurred. 

3.2. Oscillations of the membrane potential 

The artificial membranes used were produced 
with bovine serum albumin comaining varying 
enzyme concentrations. The potential difference 

ACh (M) 

2.1uz -- 3.10-2+Eserine 

0 ci5 1 15 2 zC5 3 

Time (hours) 

fig.5. Membrane potential recorded as a function of time when oscillations occm-rcd with an acetylcholinesterase/albumin 
membrane. Dashed lines indicate the potential recorded with inactive membranes. Upon addition of cserine (5X IO-’ M) oscillations 
vanish. 
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was studied as a function of both substrate and 
membrane enzyme concentrations. 

The three-dimensional surface obtained by plot- 
ting the potential difference vs. substrate and en- 
zyme activity (fig_ 4) exhibits a break. In a narrow 
area (hatched zone) instabilities and oscillations 
occurred. 

The oscillations obtained are given in fig.5. 
These oscillations were sustained for at least 3 h. 
The amplitude rem&s constant (3-5 mV) and the 
period depends strongly on substrzte wncentra- 
tion: for lo-’ and 2 X lop2 M the period was 13 
and 4min, respectively_ Upon addition of Cserine, 
an enzyme inhibitor, oscillations vanish. 

4. Discussion 

Experimental and theoretical studies reveal that 
the catalytic properties of bound enzymes can be 
quite different from those in solution. Memory in 
enzyme membranes was described by Naparstek et 
al. [13]. The authors demonstrate the existence of 
hysteretic phenomena, ‘through simple kinetic 
mechanisms which are shown by most enzymes. 
They refer to the two simple cases: auto-catalysis 
by the product and inhibition by excess substrate. 

Acetylcholinesterase artificial membranes ex- 
hibit an auto-catalytic effect with the enzymatic 
production of H+ _ When coupled with diffusion 
of the product and substrate, respectively, there 
exists, because of the non-linearities in the reaction 
rate, the possibility of three stationary states, of 
which two are stable and one instable, over a 
limited range of parameter values. Due to the 
amphoteric properties of the membrane, the hys- 
teresis of the internal pH is transformed into a 
hysteresis of membrane potential. 

So, enzyme reaction rate depends not only on 
the metabolite wncentrations but also on the his- 
tory of the system. 

The non-linearity of the enzyme reaction cou- 
pled with the diffusion constraints can also cause 
some instabilities such as oscillations of the mem- 
brane potential. The enzyme acetylcholinesterase 
which has been extensively studied does not oscil- 
late under any conditions of pH and substrate 
concentration when in solution_ The period varies 

with substrate concentration from 4 to 13 mm and 
the oscillations are abolished by the introduction 
of an enzyme inhibitor_ The phenomenon can be 
explained by the auto-catalytic effect and by a 
feed-back action of buffer diffusion in from the 
outside solution_ 

5. Conchrsion 

The aim of the present paper is to show that an 
enzyme immobilized within a simple and defined 
membrane can give rise to such sophisticated be- 
haviour as memory and oscillations. 

The steady-state potential due to the enzyme 
activity for increasing and decreasing substrate 
concentrations exhibits hysteresis loop. Numerical 
simulations are now in progress to show that the 
present results can be interpreted in terms of a 
coupling between the enzyme reaction and diffu- 
sion process, without taking into account molecu- 
lar effects_ 

The non-linearity of the enzyme reaction wu- 
pled with the diffusion constraints can also, over a 
limited range of parametric values, cause some 
instabilities, such as oscillations of the membrane 
potential. No oscillations were shown with the 
enzyme in solution, but it is mteresting to note 
that oscillations of acetylcholine level during 
stimulation of the electric organ of the Torpedo 

were observed by Israel et al. 1141. 
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