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Abstract

Embedding a simple Michaelis–Menten enzyme in a gel slice may allow the catalysis of not only scalar processes
vectorial ones, including uphill transport of a substrate between two compartments, and may make it seem as if two
or transporters are present or as if an allosterically controlled enzyme/transporter is operating. The values of kinetic p
of an enzyme in a partially hydrophobic environment are usually different from those actually measured in a homo
aqueous solution. This implies that fitting kinetic data (expressed in reciprocal co-ordinates) from in vivo studies of e
or transporters to two straight lines or a sigmoidal curve does not prove the existence of two different membrane me
or allosteric control. In the artificial transport systems described here, a functional asymmetry was sufficient to induc
transport, therefore, although the active transport systems characterised so far correspond to proteins asymmetricall
in a membrane, the past or present existence of structurally symmetrical systems of transport in vivo cannot be
The fact that oscillations can be induced in studies of the maintenance of the electrical potential of frog skin by add
lithium allowed evaluation of several parameters fundamental to the functioning of the system in vivo (e.g., relative vol
internal compartments, characteristic times of ionic exchanges between compartments). Hence, under conditions tha
real biological complexity, increasing the complexity of the behaviour of the system may provide information that ca
obtained by a conventional, reductionist approach.To cite this article: M. Thellier et al., C. R. Biologies 326 (2003).
 2003 Académie des sciences/Éditions scientifiques et médicales Elsevier SAS. All rights reserved.

Résumé

La fixation d’enzymes michaéliennes dans une lame de gel peut suffire à les rendre aptes à catalyser des proc
seulement scalaires, mais également vectoriels, y compris le transport actif d’un substrat entre deux compartiment
faire se comporter comme le feraient un double mécanisme enzymatique ou de transport ou un processus allostériqu
environnement partiellement hydrophobe, les paramètres cinétiques apparents n’ont en général rien à voir avec les
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1631-0691/03/$ – see front matter 2003 Académie des sciences/Édi
doi:10.1016/S1631-0691(03)00062-3
tions scientifiques et médicales Elsevier SAS. Tous droits réservés.
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paramètres caractéristiques du comportement de la même protéine en solution aqueuse. Réciproquement, lorsque l
(en coordonnées inverses) que des systèmes enzymatiques ou de transport in vivo s’ajustent mieux à deux appr
linéaires ou à une courbe sigmoïde qu’à une seule droite, ceci ne prouve pas qu’interviennent deux systèmes enzym
de transport différents ou un processus allostérique. Avec les systèmes de transport étudiés ici, il est apparu qu’une
fonctionnelle pouvait suffire à induire un transport à contre-gradient en l’absence de toute asymétrie structurale ; a
que tous les systèmes de transport actif isolés jusqu’ici correspondent à des protéines à structure asymétrique pa
la membrane où elles sont insérées, on ne peut pas exclure que des systèmes de transport à structure symétrique
aient existé au cours de l’évolution. Avec des systèmes réels, tel que celui qui maintient le potentiel électrique de la
grenouille, augmenter la complexité du comportement du système par l’induction d’oscillations électriques par add
lithium a permis d’atteindre des données sur ce système qu’il n’aurait pas été possible d’obtenir par l’approche rédu
traditionnelle.Pour citer cet article : M. Thellier et al., C. R. Biologies 326 (2003).
 2003 Académie des sciences/Éditions scientifiques et médicales Elsevier SAS. Tous droits réservés.

Keywords:immobilised enzymes; enzyme kinetics; aqueous/hydrophobic reaction media; artificial transport systems; electric oscillat

Mots-clés :enzymes immobilisées ; cinétique enzymatique ; réaction en milieu partiellement aqueux/partiellement hydrophobe ; systè
artificiels de transport ; oscillations électriques
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1. Introduction

In the last century, considerable progress has b
made in separating, identifying and purifying t
molecules that constitute living cells. In particular, p
rification of information-bearing molecules such
nucleic acids, proteins and polysaccharides has
cidated the relationship between structure and fu
tion under rigorously defined, controlled in vitro co
ditions. Despite the continuing importance of this
ductionist approach to both fundamental biology a
biotechnology, it is clear that macromolecules are
completely different conditions in vitro from in vivo
In the latter, they are located in compartments o
compartment boundaries and are surrounded by a
riety of small mobile solutes that may be ionise
this heterogeneity means that the important para
ters are not only concentrations of reactants and p
ucts but also electric fields, gradients of solute act
ties (including pH gradients), and transport and re
tion rates.

In the present paper, we approach the problem
biological complexity by studying the behaviour
two different types of systems: (i) simple, in vitr
enzymatic systems in which the media is either o
controllable structural complexity or of an aqueou
hydrophobic nature and (ii) a complex,in vivosystem
subjected to an extra constraint that in the c
presented here is the frog skin after a specific altera
of its ionic environment.
2. Simple, in vitro enzymatic systems

This section concerns simple, in vitro enzyma
systems in which the media is either of a controlla
structural complexity or of an aqueous-hydropho
nature.

A number of studies have dealt with the in vit
behaviour of immobilised enzymes [1–3]. Studies
our group, as explained in the examples given be
illustrate the emergence of a complex behaviour
cases in which simple, ‘monosteric’ (as opposed
‘allosteric’) enzymes were inserted in various types
artificial structures.

2.1. The problem

The simplest possible behaviour for a monoste
enzyme, E, catalysing the reaction between subst
S, and product, P, according to:

(1)S
E←→ P

in a homogeneous, aqueous medium, is that descr
(when P = 0) by Michaelis and Menten’s kineti
equation [4]

(2)V = VmS/(Km+ S)

in which the italic symbol (e.g.,S) characterises th
concentration of the corresponding substance (e.g
and Vm and Km are the maximum rate and th
Michaelis constant of the reaction. The correspond
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al system
(a) (b)

Fig. 1. Representative curve of the kinetics of a Michaelis and Menten enzyme reaction using either (a) the direct or (b) the reciproc
of coordinates.
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Fig. 2. General scheme of the in vitro systems studied. A
slice, l in thickness and containing one or several enzymes,j ,
distributed at random, is used to separate two aqueous media,e and
i, containing one or several solutes Sj .

curve in the direct system of co-ordinates is a hyp
bola (Fig. 1a), but it is customary to use the recipro
system of co-ordinates{1/S,1/V } (equation (3)):

(3)
1

V
= Km

Vm

1

S
+ 1

Vm

which gives a straight line, whose intercepts with
co-ordinate axes are−1/Km and 1/Vm (Fig. 1b) [5].
In such a case, the reaction kinetics are said to
‘monophasic’.

Now, let us consider model systems in whi
monosteric enzymes,Ej , are inserted at random i
a gel slice, with thicknessl, separating two aqueou
solutions,e and i (Fig. 2) [6]. Locally, the rate,Vj ,
of the catalysed reaction(s) of substrate(s) Sj and
product(s) Pj (4):

(4)Sj

Ej←→ Pj

is again a hyperbolic function ofSj (for Pj = 0),
which may be written as:

(5)Vj = Vmj γjλj

(6)λj = Sj /(Kmj + Sj )

In these equationsVmj , γj , λj andKmj (assumed to
be constant with respect to pH) are the maximum r
the possible pH dependence, the substrate depend
and the Michaelis constant of enzyme Ej in solution,
respectively. Within the gel slice, concentrationSj

obeys the differential equation:

(7)∂Sj/∂t =Dj (∂
2Sj /∂x2)− Vj(x, t)

wheret is time,Dj the diffusion coefficient of Sj and
x the distance alongl with x = 0 andx = l at the
boundaries ofe andi. The flux,Jj of Sj at timet and
at pointx in the gel slice is written as:

(8)Jj (x, t)=−Dj(∂Sj/∂x)x,t

while the rate of disappearance,Vj , of Sj from one of
the aqueous solutions (e.g.,e) is written

(9)V e
j =−Jj (0, t)A/ve
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creasing
(a) (b)

Fig. 3. Kinetic behaviour (reciprocal system of coordinates) of a monosteric enzyme system, similar to that described in Fig. 2, for in
values ofαl: (a) dual-phasic behaviour and (b) sigmoidal behaviour.
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whereA is the surface area of the gel slice andve the
volume of compartmente.

2.2. Kinetic behaviour of a monosteric enzyme
inserted in a gel slice separating aqueous
compartments

In the simplest possible case, i.e. when the sys
is monoenzymatic (indexj thus may be deleted), th
concentration of S is the same ine andi (Se= S i ), the
system is without any pH effect (γ = constant) and
the stationary state has been established everyw
in the gel slice (∂S/∂t = 0), one may consider th
dimensionless, diffusion–reaction parameter:

(10)αl =
√

Vmγ l2/KmD =√
τdiff/τreact

In equation (10),τdiff andτreact are the characteristi
times for the diffusion ofS and for the reaction
respectively, with:

(11)τdiff = l2/D and τreact=Km/Vmγ

The larger the contribution of the reaction and
smaller that of diffusion, the larger is the value ofαl

and vice versa. Computing the dependence of−1/V e

as a function ofKm/Se (reciprocal system of co
ordinates), the case whenαl 	 1 gives a linear plo
(i.e. there are Michaelis–Menten kinetics in the
slice at all values of substrate concentration and
system behaviour thus remains monophasic) with
apparentKm being equal to the actualKm of the
enzyme in solution andVm being proportional to
the Vm of the enzyme in solution. However, asαl

increases, the plot of{Km/Se,−1/V e} ceases to be
linear. The curve has a monotonous negative curva
and its extremities (low and highS values) can be
approximated by two different straight lines (du
phasic behaviour). In this case, although there
single monosteric enzyme present in the system,
could be tempted to wrongly interpret the kine
data as corresponding to the presence of two diffe
monosteric enzymes (one detectable at low and
other at high substrate concentrations). With p
dependent systems (i.e. when the reaction prod
or consumes protons or hydroxyl groups), situatio
are encountered in which the plot in the recipro
system of co-ordinates{Km/Se,−1/V e} ceases to be
linear and possibly becomes sigmoidal. Therefo
even with an enzyme of the Michaelis–Menten ty
it is possible to obtain in the reciprocal system of c
ordinates (Fig. 3) a complex, non-linear (e.g., du
phasic or sigmoidal) kinetic behaviour by imposi
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appropriate (and possibly rather simple) structu
conditions.

2.3. Two-enzyme artificial first-order transport
systems

Let us consider again [6] a model system made
a gel slice separating two aqueous compartmene
and i, but now let us insert two monosteric enzym
E1 and E2, differing in their optimum pH value an
catalysing the associated reactions

(12)S+XY
E1←→ PX+Y

(13)PX
E2←→ S+X

at random in the gel slice. The overall reaction

(14)XY←→ X +Y

is assumed to be exergonic in the direction of the sp
ting of XY into X and Y. Different pH values, pHe

and pHi, are imposed on compartmentse andi to cre-
ate a pH gradient in the gel slice, and the pHe and
pHi values are chosen so as to make E1 active only
in a layer,l1, of the gel slice close to compartme
e and E2 active only in a layer,l2, close to compart
menti (Fig. 4). Under such conditions, substrate S d
fusing from compartmente is transformed into PX by
enzyme E1 in layer l1; the part of PX which diffuses
towardsl2 is transformed back into S by enzyme E2;
this newly-formed S diffuses partially towards com
partmenti and, depending on the concentration p
files in the gel slice, the overall process can prod
an uphill transport of S at the expense of the ene
provided by the exergonic splitting of XY. The syste

Fig. 4. Two-enzyme systems. In a system structurally similar to
described in Fig. 2, two enzymes, E1 and E2, are distributed a
random in the gel slice. Two different pH values, pHe and pHi , are
imposed on compartmentse and i, in order that only enzyme E1 is
active in layerl1 facinge and only E2 is active in layerl2 facing i.
under consideration thus is a model of a first-order
process of transport.

As an example, let us consider the simple c
when the two enzymes have the sameVm and the same
Km in solution (Vm1= Vm2= Vm andKm1=Km2=
Km) and the two layers,l1 andl2, have the same thick
ness (l1= l2= l̄). Within each layer, the enzyme acti
ity is treated as constant withx, while the intermediate
layer (thicknessnl̄) is considered as purely diffusiv
without any significant enzyme activity. The expe
ment starts with identical concentrations of S in co
partmentse andi (i.e. at time 0,Se= S i = S). Under
these conditions, a dimensionless, diffusion–reac
parameter:

(15)αl̄ =
√

Vmγ l̄2/KmD

can again be defined and the initial rate of transp
V ′, can be computed as in section 2.1. When plot
these data in reciprocal co-ordinates(1/S,1/V ′),
three cases may be considered.

• When αl̄ 	 1, whether or not there is a p
feedback, the plot is linear; the transport proc
thus behaves as a single Michaelis–Menten t
process; moreover, in this case, the apparentKm

of the transport process is found to be equal to
actualKm of the enzymes in solution.
• Whenαl̄ ∼ 1, again whether or not there is a p

feedback, the plot in reciprocal co-ordinates a
pears to be made of two asymptotic straight lin
corresponding toS 	 Km and S � Km (dual-
phasic plot), connected by a monotonous cur
Although there are only two types of enzym
with identical values forKm and forVm, it might
seem that there are two transport processes,
with low apparentKm andVm and the other with
high apparentKm andVm playing the major role
at low and high substrate concentrations, resp
tively. Moreover the apparentKm andVm of trans-
port no longer bear a simple relationship to the
tualKm andVm of the enzymes in solution.
• When αl̄ � 1 and when a pH feedback exis

(e.g., consumption or production of protons
reactions (12) and (13)), the curve connect
the two asymptotic straight lines may becom
sigmoidal.
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Fig. 5. A gel slice, G, with both sides covered with a barrier,
is used to separate two aqueous compartments,e and i. The gel
slice contains a random distribution of the enzyme ADH wh
catalyses the oxido-reduction reaction CH3CHO/CH3CH2OH with
the cofactor NAD. Two different pH values, pHe and pHi , are
imposed one and i in order that the reaction is in favour of th
alcohol on thee side of the gel and in favour of the aldehyde on
i side. NADH, but not NAD+, can diffuse freely through barrier B

2.4. Monoenzymatic artificial second-order transp
systems

In the preceding sections 2.2 and 2.3, we discus
purely theoretical systems. Let us now consider fr
both the theoretical and experimental points of view
soluble enzyme constrained to work as a transporte
particular conditions of structure and concentratio
[8,9].

Yeast alcohol deshydrogenase (ADH) catalyses
reversible reaction:

CH3CHO+NADH +H+ ADH←→
(16)CH3CH2OH+NAD+

A gel slice, G, containing a homogeneous distribut
of ADH was inserted between two barriers, B, that p
vented enzyme leakage and were practically imper
able to NAD+ while being permeable to NADH an
OH−. Gel slice and barriers were then used to sepa
two aqueous compartments,e and i, containing iden-
tical mixtures of alcohol, acetaldehyde, NADH a
phosphate buffer, but no NAD+ (Fig. 5). Constant pH
values, more alkaline ini than ine, were imposed in
the aqueous compartments, thus creating a pH gra
in the gel slice. After an initial decrease of the NAD
t

Fig. 6. Computed time-courses of the NADH concentrations
compartmentse (curve e) andi (curve i). Curves e’ and i’ correspon
to the concentration changes due only to the transport (i.e.
subtracting the spontaneous, non-enzymatic NADH degradat
Experimental points in compartmentse (�) andi (").

concentration in both compartments, correspondin
NADH equilibration of the gel slice with the bathin
solutions, NADH concentration began to increase
i, while it continued to decrease ine. After a few
days, the NADH concentration ini was higher than the
initial NADH concentrations in the aqueous compa
ments and almost twice as high as the final concen
tion in e (Fig. 6). The qualitative interpretation is a
follows. At the outset of the experiment, NADH di
fuses frome andi into the gel slice. In the part of th
gel close toe, where the concentration of H+ is the
highest, NADH is transformed into NAD+ as a con-
sequence of the pH-dependence of the enzyme,
NAD+ diffuses into the gel but cannot diffuse intoe
and i because of the barriers B. In the part of the
close toi, where the concentration of H+ is lowest,
NAD+ tends to be transformed back into NADH, th
increasing the NADH concentration in this part of t
gel. As a consequence, NADH tends to diffuse tow
compartmenti. This corresponds to an uphill transpo
of NADH driven by the pH gradient (a transport
OH− ions from i to e rather than a transport of H+
ions frome to i), while electric neutrality in compart
mentse andi is ensured via exchanges of saline io
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provided by the buffer. Such a system is therefor
model of second-order active transport [7].

The analysis and the numerical calculations
were performed essentially as above (sections 2.1
2.2) using diffusion–reaction equations of the type:

(17)∂cj /∂t =Dj(∂
2cj /∂x2)+ Vj (cj , ck)

where cj and ck represent the concentrations
speciesj andk, t the time,Dj the diffusion coefficient
of j , x the space co-ordinate in the gel andVj the
enzymatic rate of the reaction involvingj . Initially, the
experimental data did not seem to be in accord with
time-courses of NADH concentrations predicted fro
the numerical simulations. However, when a no
enzymatic, pH-dependent degradation of NADH
determined in a complementary experiment) was ta
into account, the fit between the experimental data
the predictions of the model became extremely g
(Fig. 6).

2.5. Enzyme-catalysed reactions in an
aqueous/hydrophobic reaction medium

The kinetics of the hydrolysis and synthesis re
tions of the peptide bond of the dipeptide,N -Cbz-
L-tryptophanyl-glycineamide, catalysed byα-chymo-
trypsin, have been studied in mixtures of water a
1,4-butanediol [10]. Although the polarity of 1,4
butanediol is not very high, it is miscible with wat
in all proportions. The initial reaction rates decrea
exponentially with decreasing water content in the s
vent mixture. The study of the substrate dependen
have revealed that both the apparent and the actua
netic parameters were dependent on the water con
and thus on the polarity, of the solvent mixture. Ho
ever, the exponential decrease in the initial rate of
drolysis was due mainly to theKm increase and only
slightly to the modification of theVm.

A reduction of the water content from 100
20% (v/v) did not alterVm by more than a facto
of 4. Such variation inVm is due to changes in th
conformation of the enzyme. One of the main cau
of such changes in mixtures of water and orga
solvent is the substitution of essential water molecu
in the vicinity of the protein surface by organic solve
molecules. However, with organic solvents like 1
butanediol, the interactions between organic solv
molecules and the enzyme are similar to those betw
,

Fig. 7. Logarithms of the apparentKm, Km app, for the hydrolysis
of the dipeptide (F) and for the solubility limit,S, of this dipeptide
(�) as a function of the water content of the solvent mixture.

water molecules and enzyme; these organic solv
thus do not alter the enzyme conformation very mu
Another cause is the possible modification of
ionisation/neutralisation constant of ionisable grou
of the protein, in particular in the active site, as
consequence of the variation of the polarity of t
reaction medium.

Decreasing the polarity of the reaction mediu
by decreasing its water content led to an exponen
increase in the apparentKm for the hydrolysis of
the dipeptide (see above) and in the solubility
this dipeptide (Fig. 7). Since the interactions betwe
substrate and the active site ofα-chymotrypsine are
mainly hydrophobic, this means that decreasing
water content of the reaction medium tends to fav
the interactions of the dipeptide with the solve
mixture and thus to weaken the interactions of
dipeptide with the active site of the enzyme. Moreov
it has been established that the ratio of the ac
rate constants for the formation/dissociation of
enzyme–substrate complex in the solvent mixture
given by the corresponding ratio in aqueous med
divided by the equilibrium constant for the transfer
the dipeptide from water to the solvent mixture (whi
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is equal to the ratio of the dipeptide solubility in th
solvent mixture to that in water).

3. Effect of lithium on the electrical potential of
frog skin

Frogs maintain the saline concentration of their
ternal medium, even when immersed in freshwa
ponds, due to the activity of a Mg-dependent Na-
ATPase that creates a steady transepithelial pote
difference in the range of a few tens to more tha
hundred millivolts (positive inside). This active ion
pumping system has been studied in great detail,
pecially by Ussing’s group [11,12], using the vent
skin of frogs mounted between two aqueous comp
ments filled with appropriate saline solutions. Ma
taining the electrical potential of frog skin in the
conditions requires sodium in the external mediu
Lithium is the only ion that can be used instead [1
However, when all or part of the external sodium is
placed by lithium, the electric potential frequently o
cillates [14–16], which it never does in the absence
lithium (Fig. 8).

A body of evidence obtained by others, cited
Lassalles et al. [17], demonstrates that all the io
processes are controlled at the level of the s

Fig. 8. Two cases of oscillations of the electric potential differen
�Ψ (mV), of the frog skin, (a) almost sinusoidal and (b) much m
complex.
l

epithelium, which comprises a few layers of ce
separating the external mediume from the internal
mediumi. The epithelium may be modelled as follow
(Fig. 9): it is made of two main compartments, C1
and C2; the membrane,a, at the external face o
the epithelium is relatively permeable to Na+ and
Li+ whilst it is almost impermeable to K+; the
membrane,b, between compartments C1 and C2 is
permeable to K+ but not to Na+ and contains the
Na-K-ATPase pumping sodium and lithium from C1

to C2 and potassium from C2 to C1; the face, c,
between epithelium and internal medium is not
actual membrane, but may be considered rather
non-selective diffusive barrier.

In studies of the oscillatory process, our gro
[17–20] has shown experimentally that (i) when
transepithelial potential is imposed, sustained osc
tions with a period of about 10 min are maintain
for several hours, (ii) an oscillation of the Na+ influx
accompanies the electric oscillation (the two osci
tions have approximately the same period but are

Fig. 9. Modelling frog skin epithelium. Top: schematic repres
tation of the cellular structure of frog skin epithelium, mounted
tween two aqueous, saline solutions,e andi. Bottom: the epithelium
model for ionic exchange. The frog epithelium is modelled as
responding to two compartments C1 and C2 with three barriers,a
betweene and C1, b between C1 and C2 andc between C2 and i.
Symbol[x]j stands for concentration of cationx in compartmentj .
The Na-K-ATPase, P, pumps actively Li+ from C1 to C2 and K+
from C2 to C1.
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in phase), (iii) under conditions of imposed potent
the transepithelial electric current has damped os
lations, (iv) the shape of the oscillations in poten
is quite variable (from almost sinusoidal to very co
plex), (v) theophyllin (which induces an accumulati
of cyclic AMP within the cells) promotes a signifi
cant decrease in the mean electric potential of the
but does not affect the characteristics of the oscilla
very much, (vi) important factors influencing the osc
lations include temperature, the permeability of the
ternal membrane to lithium and the potassium conc
tration in the internal medium, (vii) no evident corr
lation exists between skin area and the characteri
of the oscillations, which may therefore have a lo
origin (possibly in local oscillators at the level of th
cell) and the coupling of these oscillators would ge
erate the macroscopic oscillations and (viii) synch
nisation of local oscillators can be controlled by va
ing the coupling resistance in the absence of diffus
which is consistent with electrical coupling rather th
diffusion being responsible for the synchronisation

After extensive numerical simulation of the osc
latory process, it proved impossible to obtain all t
above characteristics unless the model had a few w
defined properties, the following ones in particular.

• If £1 and £2 represent the volumes of compa
ments C1 and C2 per unit surface of epithelium
they obey the relation £1/£2 	 1, i.e. compart-
ment C2 has to be much larger than compa
ment C1. This makes it possible to choose one
the various possible modes of transport of N+
through the epithelium proposed in the literatu
and cited in Lassalles et al. [17]. Indeed, £2� £1
does not support the idea that compartment1
merely corresponds to most of the cytoplasm
volume and C2 is restricted to a few endoplasm
cisternae, whereas it strongly supports the i
that compartment C1 corresponds to a few cyto
plasmic vacuoles transporting Na+ (and Li+) and
compartment C2 is part or all of the intercellula
spaces and possibly some endoplasmic ciste
(in this case, most of the cell cytoplasm would
main inactive in Na+ (or Li+) transport).
• The main variables are the concentration of Li+ in

compartment C1 and that of K+ in compartment
C2. When the characteristic timesτ1 and τ2 are
defined as corresponding to Li+ modifications in
C1 and K+ modifications in C2, respectively, the
ratio of the characteristic times obeys the relat
0 < τ1/τ2 < 1 with 1 min� τ1 � 5 min.
• Two parameters,ρ and u, represent the relativ

importance of the active to the passive fluxes
Li+ and K+, respectively, such thatρ � 1 and
u� 1, with ρ � u � 2ρ (i.e., ρ andu are of the
same order of magnitude).
• P represents the permeability coefficients of

terfacesa, b andc for ions K+ and Li+, such that
P b

K/P c
K 	 1 andP a

Li /P
c
K 	 1.

4. Discussion and conclusions

Embedding simple Michaelis–Menten enzymes
a gel slice allows them to catalyse not only sca
processes but also vectorial ones, including the up
transport of a substrate between two compartme
Moreover, a system containing a single species
simple enzyme can be made to behave as if it c
tained two different enzymes (or transporters) or an
losterically controlled enzyme (or transporter). The
effects are more pronounced the larger the term c
acteristic of the reaction(Vmγ /Km) compared with
that of substrate diffusion(D/l2). The existence o
a pH feedback also tends to increase these eff
In the presence of a partially hydrophobic enviro
ment (which is likely to be the case with membran
bound enzymes or transport systems in vivo), the m
sured kinetic parameters are usually different, so
times very different from those characteristic of t
protein behaviour in homogeneous, aqueous soluti
Another group [21,22] has also shown that it is pos
ble to induce oscillatory phenomena in immobilis
enzyme systems or spatio-temporal pattern forma
in immobilised bienzymatic systems.

These results are of general relevance to the in
pretation of kinetic data on membrane-bound enzym
or transport systems. In reciprocal co-ordinates, s
experimental data are often better fitted by two stra
lines (one for the high and the other for the low co
centrations) than by a single line. In line with the or
inal proposal of Epstein and co-workers [23–25], m
authors interpret such data as revealing the pres
of two different membrane mechanisms of reaction
transport, with the apparentKm andVm of the mem-
brane processes being equated to the actualKm and
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Vm of the catalytic proteins involved. Similarly, sig
moidal experimental curves have been taken as ind
tive of an allosteric character of the membrane-bo
active proteins [26]. Our results clearly show that su
interpretations can be wrong, since the complexity
the kinetic behaviour may as well correspond to
partially hydrophobic nature and other features of
cellular structures in which the enzyme or transp
systems are inserted (for a more detailed discuss
see Thellier et al. [27]). Indeed, an alternative interp
tation to allosteric interaction has been given for s
moidal kinetic behaviour in an actual biological sy
tem in vivo [28].

A real cell membrane is obviously not the same
a thick homogenous gel slice or a water/hydropho
mixture. Nevertheless, the values of the parame
used in the experiments reviewed here cover the ra
of biological possibilities [6,8,9]. Moreover, since re
membranes are far more complex than our gel sl
or aqueous/hydrophobic mixtures, it is likely that t
effects of membrane structure and/or hydrophobi
in vivo are even more numerous and diverse than t
are in vitro.

In the artificial transport systems discussed h
(sections 2.3 and 2.4), a functional asymmetry s
as a proton gradient sufficed to induce an active
hill transport even under symmetrical structural con
tions. Therefore, although all the active-transport s
tems isolated until now correspond to proteins asy
metrically anchored in a membrane, one cannot
clude the possibility that structurally symmetrical sy
tems of transport do exist in as yet unstudied org
isms or did once exist earlier in evolution.

Situations exist in biology (see Vincent et al. [9
where the same enzymatic activity is present on e
side of a membrane and where the ionic conditions
different in the media on each side. Such a situat
which closely resembles the artificial ones stud
here, is important in the homeostasis of inorga
ions in cellular compartments or in the operation
relay and amplification mechanisms (in which t
direction of transfer depends on differences in
concentrations in the compartments). Moreover,
frog epithelium in vivo resembles some of the in vit
set-ups described here (sections 2.3 and 2.4), sin
can be modelled as a thick two-compartment slice w
both passive ion diffusion and active ion transport
an enzyme.
t

It is remarkable that increasing the complexity
the behaviour of the living frog-skin system by i
ducing electric oscillations via lithium addition to th
external solution provided information on this syste
(such as the relative size of compartments and the
ues of other parameters) that could not have been
vided by a conventional, reductionist approach. T
may be the basis for the introduction of ‘complex
cation’, as opposed to reductionism, as a method
studying those properties of a complex system that
destroyed when adopting the conventional, reduct
biochemical approaches.

Further study of the model systems discussed ab
would benefit from knowledge of the distribution
ions. This may be provided by secondary ion m
spectrometry (SIMS), a method largely used by ph
cists for materials studies (see, e.g., [29,30]), n
available for application to biological specimens [3
33] after appropriate preparation of dehydrated
sue sections [34,35] or using frozen hydrated sa
ples [36].
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