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A class of systems is characterized bjr the asymmetrical distribution of a sinii and a source reaction, the asymmetry of 
the globai chemical equation (energy liberation) and by an asymmetrical one-wave space profile. These systems belong to 
the family of primary chemical cells and can deplete and enrich the media they separate. A “one way” transport-reaction 
chain is needed for specific “real” active transport. A two enzyme model of this class is described in which the spatial asym- 
metry is due to a (diffixsive) pH gradient; this distibrrtion of “potential” enzlvme activities is c&led the “functioml structure*‘_ 
Bqxral potential enzyme activities and absence of reactive back action on local pH are assumed in the “square model” version 
of the pump. Analytical expressions of the enzymatic diffusion reactions are derived for zero and first order kinetics, i.e. in 
function of substrate concentrations. Tables of equations are presented. Tire intrinsic properties of the pump are character- 
ized by (dimensionless) transport reaction parameters, (membrane composition); the “potential” activity is controlled by 
the pH gradient; the ‘effective” pumping is air.0 a function of the substrate concentrations on the boundaries. 

1. Introduction 

Our immediate aim is to introduce a diffusive active 
transport model capable of achieving the transport of 
molecules and ions due to asymmetrical spatial distri- 
bution of enzyme activities, under the influence of en- 
zyme regulating pH gradients_ ft belongs to a family of 
models characterized by space oscillatory profiies. 

Active transport can be defined in a very general 
way as the transport of a species through a barrier 
which can be carried out even against the electroche- 
mical potential gradient of the species (pumping). Such 
a process has to be “fueled” by an other, - energy dis- 
sipating, - chemical process, taking place in the system 
(see Kedem ) 13 _ This parallei process generates the 
driving force for active transport. A great number of 
mechanisms can lead to such a phenomenon depending 
on the nature of the driving forces and the transloca- 
tion processes involved. 

Experimental models using enzyme reactions have 
been listed in the review articles of Selegny [2] and 

Thomas and Caplan [33; together they cover most of 
the papers published before their appearance- One can 

distinguish e-g. a class of asymmetrical one enzyme 
reaction systems which generate electric currents and 
which can transport charged species. These systems 
have been analysed in terms of Iinear irreversible ther- 
modynamics by different research groups 145 ] _ The 
systems to be discussed here belong to another class 
in which molecules and ions can be transported by a 
chain of coupled diffusionchemical reaction processes- 

1) Chemical reactions and diffusion processes can 
be coupled through the mass balance f6aJ by common 
ions and molecules participating in them simultaneously 
[2] _ Such systems can be properly evaluated by diffu- 
sion-reaction kinetics_ 

As already mentioned by Mitchell [7] couphngs of 
compartmented reactions. through selective membranes 
have been implicitly included in the original chemical 

cell imagined by Guggenheim ]8] and the concept of 
chemical cells has been brou&t by Rosenberg 193 to 
the attention of biologists. The concept of primary 
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Table 1 
List of symbols 

E 

I.7 

JD 
Jsi 
isi 

JSII 

Km 

l&-) 

PH; or z 

4 
S(X) 
s(x) 

so 
Sl~SZ 
Si(X) 
V(Ei) 
V(Ci) 

\- 

APH 
AP% 
B 

x 

Surface of the membrane (normal to direction X). 
Mean effective diffusion coefficient of S and P in 
the membrane. 
Total thickness of the membrane. 
Thickness of active layers 1 and 3. 
Diffusion flus of S. 
Diffusion-reaction flus of S in layer i. 
Dimensionless diffusion-reaction fius of S in layer i: 
is = JJ~DK,lel. 
Entering diffusion-reaction flus of S. 

Michaeli constant of enzymes El and Ez. 
Ratio of inactive/active layer thickness. 
Concentration of P (intermediate product). 
Optimal pH of enzyme El or E2_ 
Stoirhiometric yield of transport. 
Concentration of S (transported substrate). 
DimensionIess concentration of S z s =S/Km. 
Initial concentration of S at t = 0. 
Concentration of S in compartment 1 or 2. 
Concentration of S in layer i at point X. 
Potent% enzyme activity at local PH. 
Effective enzyme activity. a function of pH and 
local cont. S or P. 
Maximum activity of enzymes El and E2_ 
Global rate of transfer of S. 
Volume of the membrane: vm = aE. 
Volume of the cell compartments 1 and 2. 
Concentration of W (substrate). 
Distance from entering face along X. 
Dimensionless distance: x = X/e. 
Concentration of 2 (substrate or product). 
Dimensionless fast order kinetic parameter: ae = 
u’~_ (See ref. [30].) 
Dimensionless thiele modules type enzyme diffu- 
sion-reaction parameter of membrane: z = VmE2/ 
K,D (see ref. [25]). 
Dimensionless thiele moduhts type enzyme diffusion- 
reaction parameter of an active layer: 0 = Vme2/ 
Km0 (see ref. [29])_ (Z/O = (n •t 2)2)_ 
Concentration difference of S between compart- 
ments 2 and 1. 
pH gradient between cells 2 and 1. 
pH gradient in central inactive layer II. 
Time constant for first order kinetics. 
Tie constant for zero order kinetics. x = ZDv,,,/ 
E’v,. 

chemical cells in distinction with secondary (osmotic) 
cells [lo] has been used by Mitchell [7] in the basic 
elaboration of his proton-motive chemio-osmotic 
theories. In such active transport systems the pre- 
sence of charged groups is incidental. The theoretical 

treatment is simpler if our considerations are limited 
to molecules_ In this case electrochemical potentials 
reduce to chemical potentials. At constant temperature 
and pressure, in absence of convective transport, con- 
centrations Lo. activities can be utilised to unite che- 
mical stoichiometries and diffusion processes in easily 
formulated classical equations. When necessary, the 
treatment can be extended to include all these neglected 
effects. 

To further simplify we assume that aI the reactions 
take place between well identified boundaries_ We 
name the system closed between these boundaries 
“membrane”, and assume that this membrane is big 
enough and that the number of events is sufficient to 
justify the use of macroscopic theories_ These models 
are in essence one-dimensional diffusion-chemical reac- 
tion pumps. 

2) A few remarks on the reaction chair? and the 
spatial distribution of the components are now required. 

2a) In the simplest situation a single species S is 
pumped through the membrane by entering it from 
one side (the donor compartment) and leaving on the 
other side (acceptor compartment). 

The chemical chain in the membrane will be of the 

type: 

-s -+ PI -__ P,, + s , 

where Pi are intermediate products_ 

(1) 

In view of the first and second principles of thermo- 
dynamics, fully reversible reaction chains of the type 
S Z PI, must be discarded as they alone cannot liber- 
ate usable chemical energy and are compatible only 
with “downhill” facilitated, or exchange transports_ 
To liberate energy in the operating conditions at least 
one parallel reaction has to take place in which energy 
is dissipated (e.g. the transformation of A or A’). This 
leads to the coupling with an irreversible reaction [ 1 1] 
or a modification that makes the total chemical path- 
way irreversible_ The name “inversible” 1121 will be 
used for stoichiometric reversibility to avoid confusion 
with thermodynamic reversibility in the operating con- 
ditions. 

The shortest possible reaction chain is that with one 
intermediate product P* _ Let the chemical difference 
P - S = T be the carrier (positive if captured or nega- 

+ In a more general schemes longer chains may be needed: AT+ 

A’T and A-, A’ stand for all irreversible processes inclusive of 
AT+ A+T_ 
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Fig. 1. Different (isotherm) arrangements and exchanges of 
the S+AT+A’ -P S-P A+ A’T system_ 1. Closed homogeneous 
system; heat exchange; 2. Closed system but transfer of S 
from 1 to 2; 3. Open cross flows of AT+ A and A’- A’T, 
transfer of S at T = Cte; 4. Same as 3. but ou: and in diffu- 
sion of all components. 

tive if released by S), then a typical “inversible reac- 
tion couple” including both A and A’ is 

-SiAT+ST+A. (2a) 

ST-t A’+S+A’T, (2b) 

and the global chemical energy and carrier are furnish- 
ed by the irreversible reaction 

AT+A’+A’T+A. (3a) 

coupled with the reversible 

S-r-T--‘ST, (=I 

reaction. As a result of inversibility, the two reaction 
steps of the couple can use different enzymes or cata- 
lysts if they are necessary and the chain reversal needs 
energy. 

2b) At this stage one can represent the interactions 
of the reactants, AT, S, A’ as a thermodynamic system 
or “black box” and consider the different situations 
schematically represented in figure 1 _ These situations 
will be evaluated in detail in another publication [ 13]_ 

The spatial distributions need some attention_ 
They must satisfy the conditions that allow the coupl- 
ing of reactions and diffusion in the system. Local 
conditions are ruled by the Curie principle_ Local ani- 
sotropies can lead to coupling even in symmetrical 
systems [14,6a] _ In isotropic systems macroscopic 

t 

-I- 
& 

S S-r +sr i, 
4 

T ’ 
5 

Fig. 2. Couplings of R, sink reaction (left1 and Rz source 
reaction (right) (correactants A or A’ are not represented). 
Verticak lines are films permeable to S; I il “separators” per- 
meable to i; arrows: inflows and outflows of carriers T and T’. 
Horizontally: diffusions and reactions of S and ST. 1. Imper- 
meable separator, R1 and R2 are not coupled in the mem- 
brane: “apparent active transport”, no oscillatory profde. 
2_ RI and R2 coupled through S permeable separator; sink 
reaction is a dissipative S barrier. one wave S profile; (if T = 
OH- and S = H’: active transport of pH). 3. Coupling through 
S without separator; sink reaction is a dissipative S barrier; 
one wave S profile (if S = H+ and T’ = OH-: active transport 
of pH); 4. Coupling through ST permeable but S impermeable 
separator “ideal” system. Interrupted S profile, space oscilla- 
tory ST profile. 5. RI and R2 coupled through S and ST 
without separator or with an imperfect one. Active transport 
of S, typical one wave S and ST profiles_ 

asymmetry can play the same role as local amsotrspy 
(see a fundamental study of DeSimone and Caplan 
[15] confirmed by recent demonstrations_of Ripoll 
and Selegny [ 131 j_ This is reasonable as in a completeiy 
homogeneous and symmetrical medium scalar chemical 
reactions and statistically scalar diffusion (brownian 
diffusion) cannot generate undirectional flows_ - Prac- 
tically, we know that proper asymmetrical distribution 
of reactive sites and diffusive properties, compositions 
or conditions are needed for vectorial net flows to be 
produced as in chemical cells, A major part of the ques- 
tion is how they can be generated and characterized? 

2c) In the systems under examination space oscilla- 
tory concentration profiles [ 161 (or in a more general 
context of electrochemical potentials [2,12]) provide 
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a too1 for establishment of active transport. 
Well known dissipative structures with local symme- 

try breaking but overail symmetry have been reported 
by Prigogine et al. 1171 with diffusion-multireaction 
systems. We have also shown 1161 that as a stationary 
solution of coupled diffusion-two enzyme systems 
with appropriate kinetic laws space oscillatory sub- 
strate concentration profiles are obtained_ chternll agm- 
tne@_v of this profile i.e. whole (or approximately 
whole) number of stationary space waves corresponds 
to negative fluxes. that is active transport of the sub- 
strate. 

The simplest profiIe is composed of ogre spuce wave 
o@~_ Its clear significance [Z] is the association of a 
geometrically distinct substrate sink (RI) and of a sub- 
strate source (R,) (absolute or relative to each other). 
For stoichiomet& reasons if R, and R2 are chemical 
reactions then R, is a product source and R2 a product 
sink. In figure 2 five possible arrangements of sink and 
source reaction couples and their transport links are re- 
presented- To foml a chain R, and R2 are connected 
with selective “passive” barriers (in agreement with the 
general Guggenheim concept of arranging physical or 
chemical compartments in the chemical cell [8]). 
Selectivities can be due to charge, solubility. pore size, 
carrier facilitated transport or similar conducting me- 
chanisms They can give rise to “uniport”, “symport” 
or ‘“antiport” as defined by Mitchell f7]. 

The external membrane boundaries are limited by 
S permeable and P (i.e. ST) impermeable “films”. 
All five membrane systems are able to deplete one of 
the media they separate and enrich the other but 
the transport effect depends on the “‘separator” be- 
tween the reaction sites. 

The first three systems cannot transfer S, but they 
produce “apparent”” active transport. In system 1 the 
“separator” is impermeable, and the sink and the 
source are not coupled inside the membrane. In system 
2 the separator is permeable to S but not to ST; due 
to this ~ompartmentization T can be the same in both 
reactions. 

In system 3 without a separator the geometrical 
differentiation is more evident with distinct T and T’. 
As mentioned in the figure legend cases 2 and 3 can 
correspond for example to “active transport of pH”. 

System 4 & the ideal transport system. Its three 
passive barriers are permeable to S, ST and S respec- 
tively. The S profde is discontinuous, while the ST 

profile forms an incomplete wave_ But perfect separators 
selectively impermeable to molecules are often not 
available in the laboratory and this fact was cited as 
the main reason 193 for thelack of development of 
chemical cells as compared to electrochemical ones. 

When the separator is absent or imperfect, system 
5 is obtained. Here sink and source are coupIed by 
transport and reaction of S and ST and both will pro- 
duce space wave profiles. 

With systems 4 and 5 we have “one way “diffitsion- 
reaction &aim and “real”’ active transport. In the “per- 
fect” system 4 the stoichiometric yield of transforma- 
tion of the chemical reactions into transport (osmotic 
effect) is loo%_ Each transport or reaction step con- 
trols the following one and in the steady state the 
transport and chemical rates Ji are equal: 

Js j* =J,,= JST = JR2 = Js out - (4) 

In the leaking, “imperfect” system 5 a part of 
S (JSb,& is refed from R, to R, by passive back- 
diffusion and is being retransformed to ST- 

Jsin =JRI - JSback = JR2 - JSback = JSout - (5) 

Further examination shows that Rt and R? and 
convenient connecting barriers can al& be united in 
systems transporting T or ST instead of S, but P as de- 
fined above can continue to represent the intermediate 
product in such systems. Moreover dissociation products 
of ST for example can also be exchanged through per- 
meable barriers_ Simultaneously coupled S, T etc. -._ 
pumps (incIuding heat) using the same R, and R, 
thus appear possible. 

2d) Enzymes deserve a special mention in relation 
to these systems. Many sIow reactions will not take 
place at a significant rate when and where enzymes are 
absent even when the reactants are mixed together_ 
Selectively lowering the activation energy of a chemical 
pathway enzymes orient the reactions and constitute 
selective chemical links in the system as selective separa- 
tors do physically_ Consequently they can simultane- 
ously produce asymmetrical geometrical compartmental 
zation, reaction orientation and kinetic (energetic) 
effects and considerably enlarge the tield of interest 
of chemico-motive chemical cells. 

Heterogeneous enzyme kinetics, regulations, environ- 
mental and feed back effects have been intensively 
studied during the last decade with immobilized en- 
zymes. They make many various situations and many 
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Fig. 3. Schematic diagram of an active transport membrane 
with asymmetric functional structure: A) Homogeneously dis- 
tributed enzymes El (X) and E2 (+j and activity distribution 
with a pH gradient: active (0 0) and inactive (X +I. B) Acti- 
vity profile of enzymes El and EZ as a function of pH. C) 
Scheme of reactions_ (- reaction; - -- diffusion). The orien- 
tation of the pH gradient determines the direction of pumping: 
an inversion of the gradient inverses the pumping f&xv_ 

different sink and source reactions possible. Effecters 
of enzyme activity, their exchange or production pro- 
vides the system with means of control and reguIation. 
Hydrogen (or OH-) ions are universal regulators as all 
enzyme activities are pH dependent. 

Investigations of “leaking-’ systems have made 
much progress during the last decade. 

The first experimental pump [ 1 S] used hexokinase 
and phosphatase enzymes to achieve the active trans- 
port of ducose. The system already included the neces- 
sary coupled reactions and ATP as a source of energy 
and of carrier_ The membrane asymmetry obtained 
with two separate enzyme layers has been qualified 

of ““permanent structure” [2 ] _ 
This model has been analysed analytically in the 

stationary state, the effectiveness of the space oscilIa- 
tory profde was known, and the possible biological 
implications were discussed [ 1 g--22] _ Its evolutions 
have been treated numerically 123,243 _ 

Other enzymatic [2,?S--773 or fully synthetic [Il. 
28 ] models have followed. 

It can be said that ail these systems are characterized 
by the tripk o~~vnnret~~ of the chemical equation, of 
the one wave space profile and of the distribution of 
the sink ar2d source reactions. 

The highest degree of freedom and the greatest 
number of variabIes are found in the “dissipative” 
version of tile “functionat structure” model [225] _ 

Our recent investigations have been focused on two 
points: first, on the communication of asyn2222etry from 
the “membrane” to the bounding n2ed:a and back, and 
secondly on the progressive exploration of single, 
molecutar or ion, pumps and coupted pumps and on 
the regufatirrg mechanisms included in the mode!. 

3. The functional structure model induced by diffusion 

This n2odeI is generated by establishing a pH gradient 
through a homogeneous mixture of iwo enzymes. As 
a result an asyn2n2etrical distribution of “patential” 
enzyme activities is achieved. The obtained system will 
be narned ““functional structure” (fig. 3). 

WI2en the pH gradient is due to diffusion of acid 
(basej enforced by proper boundary conditions tl2e 
functiona organization diminishes as soon its tI2is dif- 
fusion process stops: it is clear tl2at tf2is sysiem belortgs 
to the family of “functional structures” coupled to 
dissipative phenomena [Gb] and may be treated as such. 

For the sake of simplicity in tl2e following a one 
dimensionjl membrane-like model will be discussed_ 
However, other coniigurations (e.g. cylindricn1 or 
spherical) can be materiatized as weII_ 

WI2en such a pH gradient is cpplied three layers of 
different enzyme activities are induced in the membrane. 
Tl2e relative thicknesses (e and W) of these layers de- 
pend on the nature of the pW gradient (fig. 3). The 
total thickness is E = (?r -I- 2)e. 

LaJTer 1: The internal pH is equaI to or got much 
different from the pH at which the activity of the 
first enzyme is optimal; enzyn2e El is activated and 
the transformation of S entering from the “donor” 
conlpartment I takes place. P accumulates and tends 
to diffuse; but as on the Ieft if meets an impermeable 
valve film, the diffusion is oriented towards Iayers 2 
and 3. 

Layer 2: the local pH does not activate any of the 
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i I 

membrane 

Fig. 4. Schematic diagram of active transport membrane 
parameters: A) Activity parameters of the layers; B) Substrate 
fluxes inside the layers and at membrane limits; 0 Substrate 
and product concentrations; DI Thickness of layers and mem- 
brane; El Global parameters of membrane. 

enzymes, and S and P are only submitted to passive 

diffusion_ 

Layer 3: the internal pH is close to the optimal pH 

of the second enzyme, E2 is activated and P is retrans- 
formed into S. S diffusing to the left will be refed into 
layer 1, and to the right it will reach the acceptor com- 
partment _ 

Thus the net effect will be the transport of S from 
the donor to the acceptor compartment, controlled 
by the diffusion process which is used to establish the 
pH gradient. 

It must be stressed, that the enzymes are not neces- 
sarily fixed to the membrane matrix, but in fact they 
may freely diffuse. The only restrictions are that the 
pH gradient is maintained, the response of the enzymes 
of pH changes is immediate and their stationary 
amount constant. Nevertheless an enzyme and its sub- 
strates should not meet at an activating pH outside 
the membrane_ 

For the demonstration of the system a glucose 
pump was developed. The experiments will be reported 

in the next paper_ 
The analytical kinetic treatment of the system is 

presented here_ 

3. Theory 

In th mathematical description of the system, the 
following assumptions have been made (see also fig. 4): 

1 _ The pH profile through the membrane was as- 
sumed to be linear. 

2. It was assumed that the activity of enzyme El 
(X2) in the first (third) layer is constant and in the 
other layers vanishingly small. Furthermore the activi- 
ties (V,) and affinities (Km) of both enzymes were 
taken to be equal. In the following discussion this dis- 
tribution will be referred to as the “Square model”_ 

3. It was assumed that the enzymatic reactions do 
not influence the pH gradient and that the concentra- 
tion of all the components participating in the reactions, 
except S and P, remain unchanged_ 

4. Michaelis-type enzymes were considered_ 
5. We also assumed that the diffusion coefficients of 

S and P are equal and constant all over the system. 
6. P is limited to the membrane_ 
The concentration profiles and fluxes in the mem- 

brane are calculated from time-independent models. 
These results were incorporated when time-dependent 
global transport equations were derived_ This is allow- 
able if the relaxation-time of the separate events in the 
membrane is much shorter than the duration of the 
whole process. 

The mass balance for any component Z is: 

WlW,,ti, for S and P in the first and third layer 
are as follows: 

(az/at), =f v,w~(~,+ q, (7) 

W is the reacting species, it is identical to Z or different 
of it, depending on S, P and layer considered; in detail: 
first layer: 

(aplatjR = -(as/at), = v,s/(K, + s) , 

third layer: 

@a) 

-(aPlat),=(as/at),= VmpI(K,+P). @b) 
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pH at X= 0): 

11 = 2ApH,,/(ApH - APH,,) > (13) 

where ApH is the gradient through the membrane and 
ApH,, the difference between the active domains of 
the two enzymes. 

3. I. Solutions with zem order reactions 

3.1. I. Concentration profiles andjihes (see fig. 5)_ 

The situation in each layer is expressed separately: 
ZUJW I (0 B X < EJ(n + 2)): 

Dd%[dX= - V, = 0, (1‘3 

integration between the limits of the layer and bound- 
ary concentrations St and S; gives: 

S,(X) = $X2’ ( q-s, v,e 
----5 xts1, 

c? - ) (IV 

Distance Darameter x 

Fig. 5. Steady state concentration profiles and fluxes with 
AS = 0, for zero order reactions. Substrate concentration 
profile (S); product concentration profile (I’); substrate flux 
profile (Js)- 

The diffusion fluxes are obtained from Fick’s first 
law: 

J- = -D, Grad(Z) _ (9) 

Under steady state conditions in the membrane 
(azjat), = 0 and thus: 

D d2Z/dX2 + Vm JU/(nr, + W) = 0 - (10) 

In the following two further simplifying assump- 
tions will be made: 

@Z/at), = *(V,/K,)Z (first order reaction) , (11) 

(azlarjR = 2 v, (zero order reaction) - (12) 

The solutions of the above equations are based on 
ref. [29] (zero order) and [30] (first order) and on 
computations of ref. [Z]. 

The activating pH gradient must also be taken into 
account; this is done through the relative layer thick- 
ness II: its pH dependence will be approximated by eq. 
(13), implicitly assuming a linear pH profile X = 
k(pH - pHo) in the membrane (k = constant; pHo = 

zaver 2 (E/(12 + 2) =G xi E(?? -I- l)/(?Z + 2)): 

D d=S/dX? = 0 > (16) 

S~~CX> = 
sl,-s, 
,-(X-e)i-S; 7 (17) 

la_ver 3 (E(n + l)/(~r+ 2) < X GE): 

D d2S/dX2 + Vm = 0 , (18) 

VIII 
SIII(X) = - 20 (X - (1 +ll)e)2 

f- ( S,-S> V,e 
----+= (X-(l+n)e)+S;. 

e ) (19) 

Concentrations S; and S; at the interfaces are obtained 
from the diffusion flux equation (Fick’s first law eq. 
(9)) at X = e and X = (12 + I)e respectively: 

(2Oa) 

(20b) 

Substitutions in eqs. (15), (17) and (19) lead to 
the equations of concentration profiles and of local 
fluxes; for example in layer 1 the substrate concentra- 
tion is 
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Table 3 

E. Seleg7rp. I-C. Vincentf Two enqvtte uctfre transport I 

TWO enzyme active transport in a membrane with zero order reactions. Equations of (membrane type) unidirectionaI diffusion- 
reactions in the quasi stationary state with Michaelis type enzymes. Fundamental cases: no regu1atc.y effects: zero order reaction: 
s > 10 in layer 1 and p > IO in layer 3. 

a) Concentrations, profiles, Sradients, left: real forms; right: diensiomess forms. 

Concen wation p-ajiles 

Substrate, layer 1 

Substrate, layer 2 

Substrate. layer 3 

Product, Iayer I 

Product, layer 2 

Product, layer 3 

interfacial concentrations 

Substraie, Iayers I,‘2 

Substrate, layers 2/3 

Product, la:- -7s I/2 

Product. layers 213 

Product, ceUs I/2 

Maximum load of the pump 

licinetics (With x = %hm/E2~c) 

Substrate concentration difference AS = 
n-i-J VIZ?@ 

-----(I- 
crr+2,* D 

expf-x01 

VlR sitx, =zxz+ 
Si-SI Vme 
----g---- 2* X+-S1 

> 
5~(~)=~(.~~--xj~(~s;-~sIjx-i-s~ 

s;- s; S;-S; Si - Si 

~II(x, = - ne X+Si -7 sII(-rj = - 
n 

(X- I)+Si 

SIII(Xj = -%x2+ 
Sr -s; Pme 

( 
---i‘2I) @r”r”3) x e 

1 
SI]IQj = g (-x’+ (2tr +3js - 9 - 3n - 2) 

pti2 
+S2+(Si-S2)(n+2)-~(nZ+3n,2) ‘(s~-s2)(?r+2-s)+sa 

Frm x2 + 
P([lX=--_ f 

pi-4 Vme 
-+2f) Xi-P, e ) 

pI(x)=q~-“2+~j+@i -prjx+pt 

_?a - Pi 
41(X) = - 

Pi-P, 
X+Pi -n- 

Pi-Pi 

ne PII = - n (X -l)+Pi 

Vm 
fiIIW)=~xf + x PIII(xj=q(x* - (2n-b 3jx-I”n”+ 3n+ 2) 

*3n+2) -? @i. - pz>e+ 2 -x)+pz 

n+l 
aSm,=(?lil)o=-....--L 

(n + 2)2 

Ar=(nn+ I)o(l-exp(-xr)) 

Substrate concentration in cef~ I 
n+I VmE= 

S,(r)=&-- - (I- expf-xtj) sx(t)=so - u+l 

(n+2)2 m 
~o(l-exp(-xtj) 

Substrate concentration in cell 2 n-r.1 vr&* 
Sa(rj=So+----- -(I - exP(--x0) 

(nn+2ja 20 
s*(f)=Sg+~o(l-eeltp(-xt)) 
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Table 2 
(Contbtued) 

b) Fluxes. yield, extraction, left: real forms; right: dimensionless forms. 

Diffusion-a-action fluxes 

Substrate, layer 1 

Substrate, layer 2 

Substrate, layer 3 

Product, layer 1 

Product, layer 2 

Product, layer 3 

Substrate entering flux 

Substrate diffusion flux 

Global rate of transfer 

Stoichiometric yield 

Extracting power 

s,-St vme 
J,q(X)=-VmX-D 7 -- 20 

S;-Si 
JSIIWI = --D 7 

JsII@-) = +V,X - D 

Jpl(X) = +V,X -- D 

P$-Pi 
jPII(X) = ne 

IPIII(X) = - V&t--D 
Ps- Pi V,e 
-- 2. (2,t+2)’ e 

J 

Js11 = -D 
s; -sr Vme 
------r-i- 

e 2 
s2 -& 

JD=-D - 
(n+2)e 

vM= 

1 +n 1 - exp(-xt) 
Rs=- 

2 + II Xt 

2DSo + (n+ l)V,e 

s2tst =2DSo-(n+l)Vn,e 

iSI = o 
1 -Xi--- 
2 

-l-St -Si 

Sk-Si 
is&) = - 7 

~s*IIo=+- ~z+i -52 

1 
jpI(_x)=o X-t-7 +pt-pi 

( -) 

P; -Pi 
JpIr(x) = -D ~ 

?I 

jpr&) = 0 
( 

2n+3 
-x +2 +P5-Ppz 

jgl =q+s, - Si 

s2 -- s, 
jD=x 

VM n+l pm _=- - 
Vrn (ni2)2 uc 

n+ll -exp(-xr) 
AZ,=- 

II + 2 Xf 

S2lSl = 
7so + (II + I)0 
___- 
2so - (n+ 1)o 

x+s, .(21) 

and the local substrate flux is: 

JSI(X> = - v,x- (*eC?2 - S1) +$$ Vme- 
(22) 

The detailed flux and concentration equations are 
given in table 2. By the combination of these equations 
one can calculate the profiles, layer by layer, in the 
whole thickness of the membrane_ Fig. 5 shows an 
example where one may particularly remark the “sub. 
strate space wave”_ 

3.12 Global kinetics of active transport 
The evolution of the donor compartment concentra- 

tion S, and the flux JsIl are linked together by the 
relation 

dSlldr= -Wcl)JsIl - (23) 

In the symmetric system (v,-, = uC2 = uc) where 
AS= 0 at t = 0. we have: 

S,=S,-- ;AS_ d(AS)/dt= -2dS,/dt. 

The differential eauation : 

(24) 

II 

d(AS) 2v,D 
_-_=- 

dt 
AS _ (=-& y) . cz5) 

nc,E2 
integrates to: 
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i-f-n Tn=@ 11 

AS=---_-_ 

(2+,1)2 D 
exp t--x01 (26) 

where 

x = 2Du,lE2v, _ 

and the masimum rate of global transfer can be ex- 
pressed as a function of the elementary parameters of 
the membrane and of cell volume: 

(27) 

3.1.3. Load and yields 
The net flux through the cell becomes zero (static 

head) when the concentration difference between the 
acceptor and donor cells becomes so Iarge that the 
passive back-diffusion becomes equal and opposite to 
the active transport flux. The maximum obtainable 
concentration difference_ or the maximum load of the 
pump is: 

1 i-n YnE2 
AS,,=---- -. 

(2+ ‘2)2 D 
The stoichiometric yield is expressed as 

number of moles of transported substrate 
Rs=_.__------ --- 

number of moles reacted 

and from eqs. (13) and (23) we have: 

(28) 

R 
S 

= 1 f-11 I-exp(-xt) 
2 -t n Xr 

(29) 

The expressions obtained for P are similar and are 
given in table 2. 

3.2 Reacriom of first order kiner%s 

3.2 1. Concentration profiles and fluxes 
Differential equation (10) becomes in layer 1 

d%/dX’ - (V,/K,)S = 0 _ (30) 

using (Y = ( t~nJK,D)1/2 the concentration profiles 
and flux equations can be expressed for layer 1: 

S,(X) = 
S; sinh(oX) + S, sinh (oe - ox) 

sinh (oe) (31) 
(32) 

P,(X) = ---SI(X) + (Pi + Si - PI - Sl)X/e + P, +Sl _ 

Js,(X) = -Da 
Si cosh(oX) - Slcosh(oe - CKX) 

sinh (oe) - (33) 

The analogous equations for P and S in layers 2 and 
3 are given in table 3. The interface concentrations Si ) 
S;. P;, Pi _ P, and P, are expressed as functions of S, 
and S2 - 

3_.22_ Global kinetics o_f acril?e rrarzsport and maximum 
load 

A calculation similar to the one for zero order kine- 
tics gives the evolution of the concentration gradient 
as a function of time: 

AS = 2S, v(l -- exp(--0t)) . (34) 

constants A_ B and 0 are functions of rr. OL and e. they 
are defined in table 3. 

The maximum load of the pump is then: 

&I, = 2So(A - 2)/A _ (35) 

The equation of the maximum rate of global trans- 
fer is more complex than in the former case: 

v%l = 
v,Dcu ITS,-- ASI 

U E B 
= 8 (2So/A- S*) _ (36) 

c 

To make the results of the calculations more acces- 
sible. we have recalculated the equations in dimension- 
less fomi using the dimensionless groups: 

s=SIK,. x=X/e t’ = rD/E’ , j = Jelhrm D . 

ZDl& 
xt=- 1, 

Vme2 

E%, 

o=- 

h&D _ (37) 

These equations can be found in the right hand columns 
of tables 2 and 3. 

In the equations the concentration profiles in the 
membrane. the interface concentrations_ the global con- 
centration gradient. diffusion and diffusion-reaction 
fluxes inside and at the membrane-boundaries are 
expressed_ 

The concentration of S in the donor and acceptor 
cells (S1 and S2) may also be kept constant. In this 
case a stationary state with non-zero net flux is obtain- 
ed. Similar situation occurs, when the volumes of the 
donor and acceptor cells are very large. In this case the 
system is best characterized by the net flux through the 
membrane_ 

If S1 and S2 are not kept constant the most signi- 
ficant system parameter is the maximum load. The time- 
dependent equations refer to the initial state AS= 0 



when t = 0. But similar equations for other starting The second comment is that membrane potentials 
conditions can be developed as well. have no direct influence on the distribution of neutral 

molecules such as sugars. But pH changes can control 
the output of pumps of the type described here * _ and 

4. Discussion and conclusion establish an indirect coupling between molecular trans- 
port and pH gradients_ 

The simple theory described predicts pH dependent The third remark is that with some arrangements of 
gumps. The exact nature of the two reactions (oxydative, the pump S could also be an ion that is not pH active 
hydrolytic. complexing etc __.) has no influence on its 
principles and T could be an electron_ 

The intrinsic transport-reaction properties of the 
membrane are linked to the composition and dimensions 
of the “membrane” and are well characterized by the 
dimensionless o and Z parameters of layers and mem- 
brane _ 

The model contains structures of two different types 
belonging to the thermodynamic domain and never- 
theless both are coupled to dissipative phenomena. 

The “functional” structure may exist even in the 
absence of substrate in the form of “potential enzyme 
activities” (V(Ei)) [31]; it is induced by a con- 
venient pH gradient in the membrane. The PH gradient 
required is a function of the distance and values of the 
active pH domains of sink (E,) and source (E2) en- 
zymes, as shown by the expression of n (eq. (13)). For 
a given orientation of sink (V(E, )) and source ( v(E2)) 
sequences even opposite pHgradients may be needed 
with enzymes of diJ_ferent pH dependences (iso-en- 
zymes, enzyme complexes). (See e.g L the acid and al- 
kaline phosphatases.) 

The space waves of S and P result from enzyme dif- 
fusion reaction activity_ Their orientation is such that 
the pumping always goes from S sink downhill to S 
source uphill. The substrate concentrations on the 
boundaries control the order of reaction that is the 
“effective” enzyme activity and the corresponding 
space-wave and pumping output. 

Three comments can come now, the first of them 
for thermodynamic and the others for biophysical rea- 
sons_ 

Let us assume that S is a molecule and let the valve- 
films be impermeable to ions (e-g_ to H+)_ Then the pH 
values and compositions in the bordering compartments 
can be assumed identical and the pH gradient may be 
limited to the “membrane” domain only. We see in this 
case that the func?ionally asymmetrical membrane 
pump will work in a way that tends to destroy the synz- 
mew of its boundaries_ This is exactly what active 
transport should do_ 

by itself (e.g. K+)_ Then “external - pH changes woxld 
produce uptake or release of the transported species 
through “enzyme regulation” in a more specific manner 
than by “phase specific-’ [7] electric potential differ- 
ences through barriers_ The two mechanisms could also 
contribute together. 

With all the necessary precautions it can be recalled 
that e.g. deviations of pH from normal in extracellular 
liquids produce such transfers of mo!ecules and ions 
from and to intracellular spaces [32] _ 

The model also contains the “allotopic” concept of 
the possibIe dispIacement of inactive enzymes up to the 
spot where activity is needed and the activating environ- 
ment is met _ 

Before any detailed discussion the examination of 
the characteristic properties of the pump and experi- 
mental verifications are needed_ They will be report- 
ed in the next papers. Comparisons and combinations 
of permanent and functional effects will come later. 
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