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Summary. Kinetic studies of cotransport mechanisms have so far 
been limited to the conventional steady-state approach which 
does not allow in general to resolve either isomerization or rate-  
l imit ing steps and to determine the values of the individual rate 
constants for the elementary reactions involved along a given 
transport pathway. Such questions can only be answered using 
presteady-state or relaxation experiments which, for technical 
reasons, have not yet been introduced into the field of co- 
transport kinetics. However, since two recent reports seem com- 
patible with the observation of such transient kinetics, it would 
appear that theoretical s tudies  are  needed to e v a l u a t e  the validity 
of such claims and to critically evaluate the expectations from a 
presteady-state approach. We thus report such a study which 
w a s  performed on a simple four-state mechanism of carrier-me- 
diated transport. The time-dependent equation for z e r o - t r a n s  

substrate  u p t a k e  w a s  thus derived and then extended to models 
with p intermediary steps. It is concluded that (p - 1) exponen- 
tial terms will describe the approach to the steady state but that 
such equations have low analytical value since the parameters of 
the flux equation cannot be expressed in terms of the individual 
rate constants of the elementary reactions for models with p > 5. 
We thus propose realistic simplifications based on the time-scale 
separation hypothesis which allows replacement of the rate con- 
stants of the rapid steps by their equilibrium constants, thereby 
reducing the complexity of the kinetic system. Assuming that 
only one relaxation can be observed, this treatment generates 
approximate models for which analytical expressions can easily 
be derived and simulated through computer modeling. When per- 
formed on the four-state mechanism of carrier-mediated trans- 
port, the simulations demonstrate the validity of the approximate 
solutions derived according to this hypothesis. Moreover, our 
approach clearly shows that  p r e s t e a d y - s t a t e  kinetics, should 
they become applicable to (co)transport kinetics, could be in- 
valuable in determining more precise transport mechanisms. 

K e y  W o r d s  c a r r i e r - m e d i a t e d  transport  �9 pre s t eady- s ta t e  . 
kinetic models �9 rapid equilibrium approximation �9 z e r o - t r a n s  

influx kinetics �9 membrane vesicles 

Introduction 

In a recent paper, we have re-evaluated the electro- 
genicity of glutamic acid transport in brush-border 
membrane vesicles isolated from the rabbit small 

intestine and our results clearly demonstrated that 
the rheogenic character of the transport system was 
determined by both the ionic environment and the 
surrounding pH (Berteloot, 1986). During these 
studies, it was also observed that downward and 
upward curvatures were introduced in the time 
courses of glutamic acid uptake by inside-negative 
and inside-positive membrane potentials, respec- 
tively, while uptake was linear during the first min- 
ute at zero potential. Such deviations from linear- 
ity, which seem to correlate with the size and 
polarity of the membrane potential, could thus indi- 
cate the presence of transient states before the es- 
tablishment of a true steady state at each of the 
applied potentials. According to this hypothesis and 
to the nomenclature currently used to describe the 
prestationnary phases, lag (acceleration in the up- 
take rate before reaching the steady state) and burst 
(the reverse process) kinetics would have been ob- 
served with positive and negative membrane poten- 
tials, respectively. Obviously, in the absence of a 
true linear part being observed in the uptake time 
courses, the difference between a burst-like tran- 
sient and a deviation from true initial rate condi- 
tions may be quite impossible to resolve under the 
so-called z e r o - t r a n s  gradient conditions in vesicle 
studies (Hopfer et al., 1973). This is so because of 
the transient nature of the electrochemical gradients 
for both the substrate and the cotransported ion 
which may lead rapidly to uptake inhibition by in- 
travesicular product accumulation and/or collapse 
of the driving forces (Hopfer, 1977; Hopfer & 
Groseclose, 1980; Dorando & Crane, 1984; Se- 
menza et al., 1984). The situation is, however, dif- 
ferent for lag-like transients which cannot be pro- 
duced by the above mechanism. Other possible ex- 
planations involving temperature, buffer, and pH 
effects following the addition of the vesicle suspen- 
sion to the uptake medium are easily ruled out in 
our experiments as these factors have been readily 
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controlled. It would thus appear that the lag-like 
situations may well represent a true transient situa- 
tion (presteady-state) occurring before the estab- 
lishment of the steady state. Similar conclusions 
have been reached recently by Otsu et al. (1989) 
while measuring the kinetics of 22Na uptake through 
the Na+-H + exchange transport system of rabbit re- 
nal brush-border membrane vesicles. In this case, 
transient phases corresponding to lag and burst 
have been observed before reaching a linear uptake 
period, thus indicating that true relaxations occur 
before the establishment of the steady state. 

So far, the conventional approach to the study 
of cotransport kinetics in brush-border membrane 
vesicles has been to measure initial rates of trans- 
port (but s e e  Semenza et al. (1984) for a critical 
appraisal of such practice) and to apply steady-state 
methods in the derivation of kinetic equations for 
cotransport models. The earlier view of a mobile 
carrier type of mechanism (Crane, 1977) has led to 
consider that thermodynamical constraints must 
limit the mobility of large, intramembrane proteins 
and such considerations gave a physical basis to the 
notion that carrier-mediated transport is rate limited 
at the translocation steps. A rapid equilibrium as- 
sumption in the kinetic treatment of the steady-state 
approach was thus indirectly justified. Moreover, 
the simplifications that could be introduced in the 
derivation of the rate equations and the relatively 
simple analytical expressions of the rate laws con- 
tributed greatly to the popularity of this hypothesis 
(Schultz & Curran, 1970; Heinz, Geck & Wilbrandt, 
1972; Jacquez, 1972; Kimmich & Carter-Su, 1978; 
Turner, 1981, 1983, 1985). In these deviations, other 
assumptions as to the symmetry of translocation 
rate constants (Schultz & Curran, 1970), symmetry 
of binding events at the two membrane faces (Jac- 
quez, 1972), and lack of mobility of partially loaded 
forms of the carrier (Kimmich & Carter-Su, 1978) 
have also been made to reduce the analytical ex- 
pressions of the rate laws but lack experimental 
support and have even been dismissed (Hopfer & 
Groseclose, 1980; Dorando & Crane, 1984; Se- 
menza et al., 1984). The now accepted view that 
intrinsic membrane proteins that span the mem- 
brane lipid bilayer may well account for membrane 
transport properties (Hopfer & Groseclose, 1980; 
Crane & Dorando, 1984; Semenza et al., 1984) has 
raised questions as to the validity of this assumption 
which was sometimes released in the derivation of 
steady-state models (Stein, 1976; Stein & Honig, 
1977; Sanders et al., 1984; Harrison et al., 1985; 
Sanders, 1986). An interesting conclusion of such 
analysis is that simple models lacking that assump- 
tion turn out to be highly flexible and are able to 
describe most of the kinetic diversity observed in 
co- and counter-transport systems (Sanders et al., 

1984). It also led to the speculation that the ob- 
served diversity in cotransport kinetics reflects a 
control-related selection of reaction rate constants 
rather than fundamental differences in mechanisms 
(Sanders et al., 1984). 

Since steady-state rate laws are relatively easy 
to derive and give analytical solutions, they may 
usually be cast into a form which is convenient for 
the experimental determination of a number of 
characteristic kinetic parameters by standard 
curve-fitting procedures. These are, however, com- 
plicated functions of the individual rate constants 
for the elementary steps along a transport pathway 
which cannot be determined in general for any real- 
istic mechanism. Only lower bound values to the 
rate constants of individual reactions and order of 
substrate addition in multiple substrate, multiple 
product reactions can be obtained (Hopfer & Grose- 
close, 1980; Dorando & Crane, 1984; Semenza et 
al., 1984) by the steady-state approach. Experimen- 
tal simplifications can, however, be devised as to 
allow an estimation of some of these rate constants 
(Sanders, 1986). Nevertheless, it has also been ap- 
preciated that presteady-state methods and tran- 
sient-state kinetics would be invaluable in leading to 
the detailed understanding of the mechanism of ac- 
tive transport (Stein & Honig, 1977). 

It is by now well established in the field of enzy- 
mology that rapid kinetics and relaxation experi- 
ments (Hammes & Schimmel, 1970) are comple- 
mentary approaches that can contribute to resolve 
complex kinetic mechanisms. So far, their applica- 
tions to membrane transport studies have only been 
possible with black lipid membranes containing ion 
carriers like valinomycin and nonactin (Stark et al., 
1971; Laprade et al., 1975). These simple models 
could be solved analytically and fully characterized 
from the measurement data. In the case of co- 
transport systems, the absence of fast sampling 
methods and of techniques allowing continuous re- 
cording of rapid reactions are the main obstacles 
which have precluded such an experimental ap- 
proach and may even have masked the possible ob- 
servation of presteady-state kinetics. However, as 
discussed in the first paragraph, recent findings with 
glutamic acid transport (Berteloot, 1986) and Na § 
H + exchange (Otsu et al., 1989) are difficult to ex- 
plain within the framework of the steady-state anal- 
ysis. It is thus the purpose of the present paper to 
explore the compatibility of these observations with 
the predictions from a theoretical treatment of pre- 
steady-state kinetics as applied to transport mecha- 
nisms. Moreover, our approach aims at finding an 
analytical formulation describing these presteady- 
states, a strategy which is different from the one of 
Otsu et al. (1989) who have only conducted a nu- 
merical analysis of their data. 
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In the present paper, we tried to answer the 
following questions: (i) What kind of transient ki- 
netics can we expect to observe when dealing with 
transport mechanisms? (ii) How will the number 
and the position of the rate-limiting steps along a 
transport pathway influence the transient kinetics? 
(iii) How will the substrate concentrations and the 
membrane potential affect the transient kinetics? 
(iv) Is it possible to discriminate between concur- 
rent models from the experimental observation of 
presteady-state kinetics? For this purpose, we first 
analyze a simple four-state model of carrier-medi- 
ated transport and derive the general equation for 
substrate flux. We next discuss the limitations of 
presteady-state kinetics when extending this solu- 
tion to cotransport systems with an arbitrary num- 
ber of intermediary steps. We then propose realistic 
simplifications that would allow establishment of 
approximate analytical solutions for models involv- 
ing different number and position of rate-limiting 
steps and these are applied to the four-state model 
of carrier-mediated transport. Finally, simulations 
are performed in order to justify the proposed sim- 
plifications and to assess substrate and membrane 
potential effects in the case of a special model with 
rapid equilibrium surface reactions. 

Theory 

BASIC MODEL AND GENERAL ASSUMPTIONS 

In order to study the relation between substrate flux and transi- 
tion rates, we used the conventional carrier model for carrier- 
mediated transport (Widdas, 1952; Geck & Heinz, 1981) with the 
notations shown in Fig. 1. The following assumptions concerning 
the transport process and the experimental conditions under 
which fluxes are measured are made. 

Carrier Assumption 

The binding site for the transported ligand X on the carrier N is 
only accessible from one side of the membrane at a time and its 
transmembrane reorientation in either the unloaded state (N~-N2 
transition) or as a substrate-carrier complex (N3-N4 transition) is 
a first-order process. Moreover, since no assumption regarding 
the energetics of the transport events is made, this model should 
be equally applicable to both active and passive transport sys- 
tems (Geck & Heinz, 1981). In this context, it is interesting to 
note that the transport model shown in Fig. 1 also corresponds to 
the basic model for cotransport as proposed by Crane (1977). 

Conservation o f  Carriers 

The total number of carriers is constant and equal to NT. It is 
thus possible to write down the conservation Eq. (1) correspond- 
ing to the model of Fig. 1. 

~ = N ~ + ~ + ~ + ~ .  (1) 

OUT IN 
k34 N 3 N4 

(Xo) 
. ~  k32 

k43 

k41 

k21 N2 N1 
kl 2 

~ ' ~ - ( X i )  

Fig. I. Basic model for carrier-mediated transport of substrate X 
by carrier N used in our study. Assumptions are discussed in the 
text 

Zero-Trans Influx Conditions 

The following studies will be limited to zero-trans influx experi- 
ments in which the transport assay is started by mixing a radioac- 
tive substrate with vesicles pre-equilibrated in a substrate-free 
medium. Under such conditions, the boundary conditions at t = 
0 (mixing time) for the concentrations of the different carrier 
forms denoted as N)* are determined by Eqs. (2) and (3). 

N* = N~ = 0 (2) 

k12N~ = k21N~. (3) 

The concentrations of inside- and outside-facing carriers 
N* and N* present at the start of the experiment are thus easily 
calculated by solving simultaneously Eqs. (1) to (3) and corre- 
spond to Eqs. (4) and (5), respectively. 

k2~Nr 
N~ - k12 + k2I (4) 

k12Nr (5) 
N* - k12 + k21" 

It is assumed that the zero-trans conditions, as defined by 
Eq. (6), are maintained during the time period over which the 
measurements are made. 

(Xi)l,-0 = 0. (6) 

Accordingly, the contribution of efflux to the net transport 
rate is negligible so that unidirectional zero-trans entry rates are 
actually measured and can be calculated from Eq. (7). 

d(Xi) 
dt ~ k41N4. (7) 

Other Assumptions 

Implicit in this paper is the assumption that the volume of the 
external medium is infinite as compared to the intravesicular 
volume, so that the variations in external substrate concentra- 
tions can be neglected. It should be noted that a similar approxi- 
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mation could be made in other preparations provided that in- 
equation (8) is satisfied. 

(Xo) >> Mr. (8) 

Finally, it is assumed that binding does not contribute sig- 
nificantly to the measured uptake, so that Xi(t )  can be approxi- 
mated to represent the total uptake process. 

FORMAL DEVELOPMENT OF THE BASIC MODEL 

Under zero- t rans  conditions where Eq. (6) applies, the basic 
model presented in Fig. 1 is associated with the set of differential 
Eqs. (9)-(12) which expresses the time dependence of the Nj 
carrier forms. 

dN1 
d-~ = -kl2NI 4- k21N2 + k41N4 (9) 

dN2 
dt  - k~2N1 - [k21 + k23(Xo)]N2 + k3253 (10) 

dN3 
d--t = ka3(X~ - (k32 + k34)X3 4- k43N4 (11) 

dN4 
dt - k34N3 - (k4j + k43)N4. (12) 

Since the conservation Eq. (1) can be introduced into Eqs. 
(9)-(12) such as to eliminate any one of these, the problem thus 
resumes at solving a set of three inhomogeneous linear differen- 
tial equations. The solution of such systems is represented by the 
solution of the corresponding homogeneous system plus a partic- 
ular solution of the inhomogeneous system which is given by the 
steady-state concentration N~ obtained by setting d N j / d t  = 0 into 
Eqs. (9)-(12). The general solution will thus be identical in form 
to a solution previously derived by Stark et at. (1971) and corre- 
sponds to Eq. (13) for which the boundary conditions at t = 0 are 
represented by Eqs. (2), (4) and (5). 

3 
N~. : ~'~ C~ exp(-akt)  + N s. 

k=I 
(13) 

In Eq. (13), the 12 C~ terms are the amplitudes for the 
relaxation of the different carrier forms and can be evaluated as 
proposed by Stark et al. (1971). The three a~'s represent the 
reverse of the time constants for these different relaxations and 
are the roots of the characteristic polynomial of the homoge- 
neous system. 

The general solution for substrate uptake will thus take the 
form of Eq. (14) which is obtained by integration of Eq. (7) with 
boundary conditions corresponding to Eq. (6) and where N4 is 
given by Eq. (13). 

3 

(Xi) = ~ Ak exp(--akt) + B t  - A .  
k=l 

(14) 

In Eq. (14), the ak's have the same meaning and expres- 
sions as in Eq. (13) while the Ak's represent the amplitudes of the 
different relaxations as seen by measuring substrate uptake and 
satisfy Eq. (15). 

3 
A = ~ A k .  

k=l 
(15) 

It must be noted that it is the sign of the amplitude terms 
which determines the nature of the transient state to be observed 
with lags (upward deviations) and bursts (downward deviations) 
corresponding to A > 0 and A < 0, respectively. Finally, in Eq. 
(14), the B term is the steady-state influx and represents the 
quantity which is usually measured by the slope of a straight line 
during the early period of the uptake time course. Its expression 
is given by Eq. (16). 

B = k41N s. (16) 

GENERALIZATION: APPLICATION 

TO COTRANSPORT MODELS AND LIMITATIONS 

OF THE PRESTEADY-STATE APPROACH 

Although the model presented in Fig. 1 corresponds to the basic 
model of cotransport as proposed by Crane (1977), it lacks the 
power of its more expanded forms (Crane, 1977; Crane & 
Dorando, 1984; Turner, 1981) since it does not account for the 
order of addition of substrate and ion and for the stoichiometry 
(n, number of ions cotransported with one molecule of substrate) 
of the cotransport mechanism. It thus becomes obvious that the 
basic model of Fig. 1 may well account for cotransport mecha- 
nisms but under very restrictive conditions only. 

Since a more realistic description of cotransport mecha- 
nisms will have to consider models with varying numbers of p 
intermediary steps, it becomes interesting to briefly comment on 
what can be expected from presteady-state measurements in 
such systems. The formal development of complex models will 
be similar to the one proposed above in the case of the basic 
model and thus should lead to a set of p differential equations 
with their corresponding boundary conditions and conservation 
equation. The problem would in fact resume at solving a set of 
(p - 1) inhomogeneous linear differential equations, the general 
solution of which is similar to Eq. (13) with p ( p  - 1) amplitude 
terms and (p - 1) relaxation constants. The whole process will 
thus require to solve for a polynomial of degree (p - 1) for which 
no analytical solution can actually be extracted if p > 5. The 
conclusion is that the analysis of such kinetic systems far from 
equilibrium will be hampered by the inherent mathematical limi- 
tations of treating transient states in an analytical way, a short- 
coming that can only be overcome by obtaining numerical solu- 
tions to the differential equations with an analog or digital 
computer. When applied to complex mechanisms, such an ap- 
proach will be most powerful in simulating systems for which the 
values of the rate constants for the various steps are at least 
approximately known. However, if one wants to determine these 
rate constants, it becomes quite impossible to find a unique set of 
parameters that will reproduce the experimental data. 

From the above discussion, it appears that trying to over- 
come the mathematical difficulty by finding some acceptable sim- 
plifications may prove more gratifying than trying to solve it. In 
an attempt to find such a compromise that may be applicable to 
even complex models, we started by considering that all of the 
transient states might not be observable at the same time or, 
alternatively, that experimental conditions can always be set up 
such as to limit the number of observable transient states. In 
other words, it seemed appropriate to introduce approximations 
based on the principle that some of the reaction steps are faster 
than others, so that relaxations to be observed on a given time 
scale can be limited to the slowest ones. Moreover, since the 
time resolution achieved with most of these methods has so far 
not allowed the observation of more than one (Berteloot, 1986) 
or two (Otsu et al., 1989) of the (p - 1) transient states predicted 
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6 k41 Fig. 2. Approximate models generated from 
the basic model of Fig. 1 assuming two rapid 
steps in different locations along the transport 
cycle (thick arrows). See text for more details 

by a generalized Eq. (14), it is interesting to first limit ourselves 
to the case where only one transient state is observed with the 
basic model of Fig. 1. The first part of Results will consider such 
an approach in more details while the second will use the analyti- 
cal solutions so generated to simulate both substrate and mem- 
brane potential effects in order to determine a strategy for model 
discrimination. 

Results 

APPROXIMATE MODELS 

WITH ONE TRANSIENT STATE 

The Separation of  Time-Scale Hypothesis 

In the following, and for reasons discussed in the 
previous section, we assume that only one transient 
state can be observed under the conditions of a 
given experiment. In other words, this hypothesis is 
equivalent to saying that the various decay pro- 
cesses occur at vastly different rates and that only 
the slow relaxations can be observed. This simple 
assertion allows establishment of the rationale 
for the presteady-state treatment which is devel- 
oped in this section and can be viewed as follows. 
At the start of the transport assay and over a time 
period short enough as compared to the time con- 
stants of the slowly relaxing steps, all carrier forms 
linked by rapid steps will redistribute before any 
substantial uptake can be observed. It is thus possi- 
ble to define new initial conditions that will be es- 
tablished before the start of the observable relaxa- 
tion process and to study the approach toward the 
steady state from these new initial conditions. 

Given that only one relaxation can be observed, 
it is readily apparent from Eq. (13) that such a hy- 

pothesis is compatible with only two slow steps be- 
ing present along the transport cycle of the carrier 
model shown in Fig. 1, a condition that is satisfied 
by the six possible models presented in Fig. 2. As 
shown, these six models are under the configuration 
corresponding to the new initial conditions defined 
above. Accordingly, whenever rapid steps are 
present, it is legitimate to introduce a rapid equilib- 
rium assumption in which the rate constants of the 
rapid steps can be replaced by equilibrium con- 
stants (Kfl as defined by Eqs. (17) to (19). 

k21 N1 
Kl - k12 - N2 (17) 

k32 N2(Xo) 
K2 - k23 N3 (18) 

k43 _ N3  
K3 - k34 N4" (19) 

It should be noted, however, that such a relation- 
ship cannot be established for the substrate-releas- 
ing step on the internal side because of the zero- 
trans conditions defined by Eq. (6). It now becomes 
possible to estimate the new carrier distribution Nj  
that will serve as initial boundary conditions for the 
integration of the time-dependent variation of the 
different carrier forms in all of the approximate 
models shown in Fig. 2. 

In the configuration of model 1 of Fig. 2, the 
addition of substrate at time t = 0 will allow fast 
redistribution of carrier form N]  as defined by Eq. 
(5) between the three forms N~, N~ and N~ while 
form N] ~ as defined by Eq. (4) cannot redistribute. 
Equations (20) and (21) will thus apply and can be 
solved for all N}' by introducing Eqs. (5), (18) and 
(19) into Eq. (21). 
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Table 1. Initial carrier distribution resulting from the rapid equilibrium treatment  of presteady-state kinetics to carrier-mediated 
transport  under  zero-trans conditions as applied to the different models of Fig. 2 

Model N~ N~ N~ N~ 

kzlNr klzK2K3Nr klzK3NT(Xo) kzl Nr(Xo) 
(1) klz + k21 (kt2 + kzO[K2K3 + (1 + K3)(Xo)] (k12 + k20[K2K3 + (1 + K3)(Xo)] (k12 + kal)[KzK3 + (l + K3)(Xo)] 

KIK2Nr KaNt Nr(Xo) 
(2) (1 + K1)K2 + (Xo) (1 + K1)K2 + (Xo) (1 + K1)K2 + (Xo) 0 

K I Nr Nr 
(3) (1 + K0 (1 + K0 0 0 

k21Nr k12Kz Nr kl2 Nr(Xo) 
(4) k12 + k21 (kl2 + kzi)[K2 + (Xo)] (k12 + k21)[K2 + (Xo)] 0 

K~NT NT 0 0 
(5) (1 + Kl) (1 + KI) 

k21Nr k12 N r  
(6) k12 + k21 k~2 h- k21 0 0 

N~ = N? 

N~ + N~ + N~ = N~. 

(20) Solution of Approximate Models 1-3: 
(21) The Rapid Equilibrium Treatment 

In the case of model 2 of Fig. 2, substrate addi- 
tion will produce the fast redistribution of carrier 
forms N~ and N~ into carrier forms N~, N~ and N~, 
so that Eq. (22) will apply which can be solved by 
introducing Eqs. (17) and (18). 

(22) N~ + N~ + N~ = N? + N f  = Nr. 

In the case of model 4 of Fig. 2, only form N~ 
can redistribute and Eqs. (20) and (23) will apply, 
the last one being solved with the help of Eq. (18). 

N~ + N~ = N~. (23) 

In the case of models 3, 5 and 6 of Fig. 2, nei- 
ther form N~ nor N ]  can redistribute, so that Eqs. 
(20), (24) and (25) will apply. However, in the case 
of models 3 and 5, Eq. (17) needs to be introduced 
into Eqs. (20) and (25) where N~ and N~ are given 
by Eqs. (4) and (5), respectively. 

N ~  = N ~  = 0 (24) 

N~ = N~. (25) 

The solutions for the N~' in each of the six possi- 
ble models of Fig. 2 are summarized in Table 1. 
Having so defined the initial boundaries (repre- 
sented by the Nj ~ of the relaxation process, it now 
becomes possible to derive the rate equations for 
each of the approximate models in order to find out 
their characteristic analytical solutions. 

In the case of models 1-3, the set of Eqs. (9)-(12) 
can be reduced by introducing the equilibrium con- 
stants relevant to each specific model and the con- 
servation Eq. (1), thus leaving only one differential 
equation to integrate. The details of the calculations 
are only shown in the case of model 1 but are similar 
for models 2 and 3. Equations (18) and (19) can first 
be derived to give Eqs. (26) and (27) from which Eq. 
(28) can be established by taking into account the 
derivative of the conservation Eq. (1). 

dN3 dN2 
K2 - j ~  = (Xo) dt (26) 

dN4 dN3 
K3 d ~ -  d~ (27) 

K2K31 dN1 dN2 dN3 dN4 dN4 1 + K3 + - (28) 
dt ~ ~ + dt dt (Xo) J dt " 

Since the value of d N j d t  is given by Eq. (9) in 
which the values of N1 and N2 can be expressed as a 
function of N4 through Eqs. (1), (18) and (19), Eq. 
(28) can be rearranged to give Eq. (29). 

dN4 k12Nr(Xo) 
dt - K2K3 + (1 + K3)(Xo) 

N4 I K2K3 + (1 + K3)(Xo) "f" 
(29) 

Equation (29) can be cast under the form of Eq. 
(30) where ~ is the coefficient of N4 under brackets 
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Table 2. Equations for the relaxation amplitude (A) of the tran- 
sient state corresponding to models of Fig. 2 under zero-trans 
conditions 

Model Relaxation amplitude (A) 

k12k41[k21(l + /(3) - k41]Nr(Xo) 2 
(1) (kt2 + kzl)[(k12 + kal)K2K3 + [k12(l + K3) + k4t](Xo)] 2 

(2) 

(3) 

(4) 

(5) 

(6) 

k34k41NT[(l 4- KI)K2 + (Xo)](Xo) 
[(k41 + k43)(1 4- KI)K2 + (k34 + k4t 4- k43)(Xo)] 2 

k23k41(1 + KI)(1 + K3)Nr(Xo) 
[(k32K3 4- k41)(1 4- K1) 4- (1 q- K3)k23(Xo)] 2 

klzk34(k2i - k34)Nr(Xo) 2 
(k12 + k21)[(k12 + k21)K2 + (k12 + k34)(Xo)] 2 

k23k34(1 5- KI)KINr(Xo) 
[(k32 + k34)(1 -- KI) -- k23(Xo)] 2 

kt2(k23)2Nr(Xo) 2 

(kl2 + k21)[kl2 + k2i + k23(Xo)] 2 

Table 3. Equations for the steady-state influx of substrate (B) 
corresponding to models of  Fig. 2 under zero-trans conditions 

Model Steady-state influx (B) 

kl2k41 NT(Xo) 
(1) (klz + k21)K2K3 + [k12(1 + K3) + k41](Xo) 

k34k4i NT(Xo) 
(2) (k41 + k43)(1 + K1)K2 + (k34 + k4j + k43)(Xo) 

k23 k41 Nr(Xo) 
(3) (k32K3 + k40(1 + Kl) + (1 + K3)k23(Xo) 

klzk34Nr(Xo) 
(4) (kl2 + k21)K2 + (kl2 + k34)(Xo) 

(5) k~3 k34 Nr  (Xo) 
(k32 + k34)(1 + KI) + k23(Xo) 

(6) ki2k23 Nr(  Xo) 
ki2 + k21 + k23(Xo) 

in Eq. (29) while N4 s is the steady-state concentra- 
tion of N4 which is obtained by setting Eq. (29) 
equal to zero. 

dN4 
d--7- + o~N4 = o~N S. (30) 

Equation (30) can now be integrated within the 
initial boundary limits given in Table 1 for model 1 
and the final ones given by N4 s to give Eq. (31) in 
which ~ is the inverse of the time constant for the 
relaxation process. 

N4 = N s -  ( N  s -  N ~ ) e  -~t.  (31) 

The rate expression for substrate uptake can 
then be calculated by integrating Eq. (7) in which N4 
is given by Eq. (31) to give Eq. (32) in which A 
represents the amplitude of the measured relaxation 
and is given by Eq. (33) while the B term is the 
steady-state influx given by Eq. (16). The a term 
has the same meaning as above. 

(Xi)  = A e  -~ '  + B t  - A (32) 

k41(N s --  N~) 
a = (33) 

Od 

The values of A and B in terms of the rate con- 
stants and equilibrium constants of model i can 
then be calculated from the known expressions of 
N~, N s, and o~ and are shown in Tables 2 and 3, 
respectively. Similar considerations apply to 
models 2 and 3 and equations similar to Eqs. (30) 
and (32) are obtained for which the respective val- 
ues of A, B and 1/o~ are shown in Tables 2 to 4. 

Table 4. Equations for the time constant (l/c0 of the transient 
state corresponding to models of Fig. 2 under zero-trans condi- 
tions 

Model Time constant (1/a) 

K2K3 +(1 + g3)(Xo) 
(1) 

(ki2 + k21)K2K3 + [ki2(1 + /s + k41](Xo) 

(1 + KOK2 + (Xo) 
(2) 

(1 + Kl)(k41 + k43)K2 + (k34 + k4i + kg3)(Xo) 

(1 + K0(1 + K3) (3) 
(k32K3 + k41)(1 + K0 + k23(1 + K3)(Xo) 

(4) K2 + (Xo) 
(ki2 + k21)K2 + (k12 + k34)(Xo) 

(5) 1 + K~ 
(k32 + k34)(1 + K,) + k23(Xo) 

(6) 1 
ki2 + k21 ~- k23(Xo) 

It is interesting to note from Eq. (33) that the 
value and the sign of A depend on the concentra- 
tions of ?44 which are achieved both during the final 
steady state (N s) and immediately following the 
rapid redistribution of initial carrier forms (N~). Ac- 
tually, it is clear that the nature of the transient state 
to be observed depends on whether the rapid initial 
redistribution of carrier leads to N~ concentrations 
greater (burst) or smaller (lag) than the final steady- 
state concentration N4 s. Accordingly, Table 2 shows 
that the sign of A is always positive for models 2 and 
3 (N~ = 0), and so, that only lags are to be expected 
under these model configurations. On the contrary, 
for model 1, the amplitude term can be either posi- 
tive, negative, or nul, and so, either lag, burst, or 
absence of transient state may be obtained. 
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Solution of  Approximate Models 4-6: 
The Steady-State Treatment 

In models 4 and 5 of Fig. 2, one of the fast reactions 
involves the substrate debinding step on the internal 
side. In both cases, the rate of decomposition of N4 
is faster than its rate of formation so that whatever 
is formed can react immediately and no significant 
concentration will develop during both the relaxa- 
tion process and during the steady state. This will 
be true until sufficient internal substrate can be ac- 
cumulated such as to invalidate the zero-trans ap- 
proximation which makes the N4 to Nl transition 
irreversible. These considerations have three im- 
portant implications: (i) the concentration of N4 will 
always be negligible, and, as such, it can be elimi- 
nated from the conservation Eq. (1); (ii) the slow 
transition from N4 to N3, which is governed by the 
slow rate constant k43 and the low concentration of 
N4, becomes practically inexistent and can also be 
neglected (dashed lines in models 4 and 5 of Fig. 2); 
and (iii) because N4 will decompose almost immedi- 
ately upon formation, the three other carrier forms 
constitute a reservoir which slowly converts to N4. 
The net effect of these two opposing processes is 
that a steady-state population of N4 will prevail dur- 
ing the relaxation process, so that Eq. (12) can be 
set equal to zero. It should be emphasized that this 
steady-state assumption does not demand that dN4/ 
dt = 0, but, rather, it asserts that the net rate of 
change of N4, dN4/dt, is much smaller than either its 
instantaneous rate of formation or its instantaneous 
rate of decomposition. Neither of the latter two 
quantities need to be small, only their difference. 

By introducing the last two simplifications into 
Eq. (12), it follows that the concentration of N4 is 
always directly proportional to the concentration of 
N3 according to Eq. (34). 

k34 
N4 = ~41 N3. (34) 

Accordingly, Eq. (7) for substrate flux in which 
N4 is replaced by its value from Eq. (34) is now 
equivalent to Eq. (35). 

d(Xi) 
dt - k34N3. (35) 

The problem thus resumes at finding the expres- 
sion for N3 which can be obtained, in the case of 
model 4, through the use of derived Eq. (18) and 
summation of Eqs. (10) and (11) in which the term 
k43N4 is dropped out such as to generate Eq. (36). 

Since N1 and N2 can be expressed in terms of 
N3 through the use of Eq. (1) (in which the N4 term 
is dropped out) and (18), equations in N3 similar to 
Eqs. (30) and (31) and for uptake similar to Eq. (32) 
can readily be obtained. 

The same approximations as above hold for 
model 5 which can thus be solved by using Eq. (1 l) 
and taking into account Eqs. (1) and (17). The calcu- 
lated values for A, B, and 1/o~ corresponding to 
models 4 and 5 are shown in Tables 2-4. From 
Table 2, it is interesting to note that the amplitude 
term for model 5 can only be positive (lag) while 
model 4 may generate lag, burst, or no transient 
state. 

The last case is represented by model 6 of Fig. 2 
in which the two rapid steps are linked to substrate 
release on the internal side and where the reaction 
preceding the substrate-releasing step is in rapid 
equilibrium as defined by Eq. (19). Intermediary 
forms N3 and N4 thus need to be considered as a 
whole. Moreover, since the rate of decomposition 
of (N3 § N4) is faster than its rate of formation, the 
steady-state treatment, as defined for models 4 and 
5, also applies in this case and Eq. (37) can be gen- 
erated through the use of Eqs. (11), (12) and (19), 

dN3 dN4 + 
dt dt 

dN4 
- dt [1 + K3] = kz3(Xo)N2 - k41N4 ~ O. (37) 

It should be noted that the term k32N3 does not ap- 
pear in Eq. (37) since k32 c a n  be dropped out in front 
of k34 in Eq. (11) because it is much smaller in this 
model. Equation (37) thus allows us to write down 
Eq. (38) which, after introduction into Eq. (7), gives 
a new rate equation for substrate flux as defined by 
Eq. (39), 

k23(Xo) N2 (3 8) 
N4 = k41 

d(Xi) 
dt - k 2 3 ( X o ) N 2 .  (39) 

The problem thus reduces at finding the time 
dependence of N2 which is readily obtained by using 
Eqs. (1) and (10)..However, because of Eqs. (38) 
and (19), the concentrations of N3 and N4 are very 
small as compared to N~ and N2 and can be dropped 
out of Eq. (1). Also the term k32N3 being the product 
of a slow rate constant and a low concentration can 
be dropped out of Eq. (10), so that the transition 
from N2 to N3 is practically irreversible (dashed line 
in model 6 of Fig. 2). Equation (40) is thus obtained, 

dN2 dN3 dN3 [ K2 ] 
dt + dt dt 1 + (To) = k12N, - k21N2 - k34N3. (36) 

dN2 
dt - klzN1 - [k21 + k23(Xo)]N2. (40) 
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Integration of Eq. (40) and then Eq. (39) leads to an 
equation similar in form to Eq. (32) with parameters 
A, B, and 1/o~ as shown in Tables 2-4. It is obvious 
from Table 2 that such a model configuration can 
only generate a burst situation since the amplitude 
term is always negative. 

SIMULATIONS 

General Considerations 

All simulations shown in this paper have been per- 
formed with model 4 of Fig. 2 because it corre- 
sponds to the most studied model of cotransport by 
the rapid equilibrium, steady-state approach 
(Schultz & Curran, 1970; Heinz et al., 1972; Jac- 
quez, 1972; Kimmich & Carter-Su, 1978; Turner, 
1981, 1983, 1985). It should be reminded that the 
main assumption in this model is that the rate-limit- 
ing steps in the transport process are the transloca- 
tions of free and substrate-loaded forms of the car- 
rier from one membrane face to the other, so that 
the transporters are in equilibrium with the ligands 
at the membrane surfaces. It should be emphasized 
however that similar simulations can be performed 
with any of the other models. 

Simulations of zero-trans influx experiments 
have been performed using the rate constant values 
shown in Table 5. These have been arbitrarily cho- 
sen to generate lag situations over a time period 
compatible with our recent observations (Berteloot, 
1986). The rule of microscopic reversibility was also 
preserved, i.e., the product of all clockwise rate 
constants is equal to the product of all counter- 
clockwise ones. The carrier density was fixed at 
10 7 mmol/mg protein and is compatible with that 
estimated from the equilibrium binding value of glu- 
tamic acid (Berteloot, 1984). 

Validity of the Approximate Solutions 

One may first question the validity of the hypothesis 
made in the above derivations of the rate equations 
for the approximate models with one transient 
state, particularly as to the pertinence of the steady- 
state approximation which was introduced to solve 
models 3-6 of Fig. 2. This problem is best answered 
by comparing the time variations in the concentra- 
tions of forms N~-N4 as estimated from the approxi- 
mate analytical solutions obtained for model 4 with 
those calculated directly from the numerical inte- 
gration of the general equations (9)-(12). The 
results of this comparison are shown in Fig. 3 from 
which it can be appreciated: (i) That the analytical 
and integrated solutions differ considerably during 
the early period of the fast relaxation processes (see 

Table 5. Numerical values of the rate constants used in the simu- 
lation experiments presented in Figs. 3-8 

Rate constants 

k ~ 2  = 0.02 (sec i) 
k~l = 0.40 (sec -I) 
k~3 = 1362 (sec i mM-t) 
k~2 = 300 (sec ~) 
k~4 = 0.08 (sec ~) 
k~3 = 0.004 (sec i) 
k~l = 300 (sec -t) 
k~4 - 1362 (sec -I mM i) 

insets of Fig. 3). (ii) That identical solutions are 
given by the two methods during the slow relaxa- 
tion process with the exception of form N4 (see Fig. 
3D). In this case, however, it should be noted that 
this effect is only apparent due to the expanded 
scale used on the y-axis. Actually, only very low 
concentrations of this form are present during the 
slow relaxation process with values of N~ and N4 s 
representing 0.0013 and 0.0045% of the total carrier 
concentration, respectively. On a practical point of 
view, this is not significantly different from zero, at 
least when compared to the other carrier forms N1 
(see Fig. 3A), N2 (see Fig. 3B) and N3 (see Fig. 3C) 
which represent 82.5-95.2%, 0.2-0.7% and 4.6- 
16.8% of the total carrier concentration, respec- 
tively. From these considerations, it is thus legiti- 
mate to eliminate the contribution of form N4 from 
the conservation Eq. (1) during the derivation of 
model 4. Also, since the overall variation with time 
in the concentration of N4 is small, the values of 
dN4/dt, which correspond to the slopes of the tan- 
gents determined at each time point along the con- 
centration time curve for N4 (see Fig. 3D), will also 
be small and not significantly different from zero, 
thus justifying the steady-state approach in the deri- 
vations of model 4. (iii) That the concentration of 
form N1 does not change significantly during the 
fast relaxation process (see inset of Fig. 3A), thus 
justifying the use of Eq. (20) to determine the zero 
time concentration of N~ at the start of the relaxa- 
tion process. (iv) That carrier forms N2 and N3 re- 
distribute in opposite directions during the fast 
relaxation process (see insets of Fig. 3B and C) and 
that this redistribution satisfies Eqs. (18) and (23). 
The substrate uptake was also calculated numeri- 
cally by integrating Eq. (7) and analytically using 
Eq. (32) with the appropriate expressions for model 
4 given in Tables 2-4. The comparison of these 
results is shown in Fig. 4. Both uptake curves are 
confounded during the slow relaxation process and 
the difference between the two solutions can only 
be seen when using an expanded scale as shown in 
the inset where the uptake is expressed in fmol/mg 
protein. 
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Fig. 3. Simulation of the time-dependent variations in the concentrations of intermediary carrier forms N1 (A), N2 (B), N3 (C), and N4 
(D) during the fast (insets) and slow relaxation processes. Model 4 of Fig. 2 was used with rate constant values shown in Table 5. The 
membrane potential was set at 0 mV and the substrate concentration at 5 raM. The open and filled symbols show the results of the 
numerical and analytical calculations, respectively 

A similar approach has also been used to justify 
the burst situation by permutating the values of the 
rate constants kl2 and k2~ and calculating k43 accord- 
ing to the rule of microscopic reversibility (results 
not shown). In the case of the other models of Fig. 
2, the validity of the approximate analytical solu- 

tions derived in the previous section can also be 
assessed by comparison with the results of the nu- 
merical integration (results not shown). All to- 
gether, these results thus support the approxima- 
tions introduced in the derivation of the rate 
equations corresponding to the six models of Fig. 2. 
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Fig. 4. Simulation of the time course of z e r o - t r a n s  uptake of 
substrate corresponding to the conditions of Fig. 3. The results 
obtained with the numerical (open symbol) and the analytical 
(filled symbol) calculations are shown in the inset using an ex- 
panded scale. Both results are confounded during the slow relax- 
ation process 

Substrate Concentration Effects 

The approximate solutions derived above allow, by 
simulation of the derived rate equations, to evaluate 
the influence of the substrate concentration on the 
transient kinetics. Such an example of a zero trans 
influx experiment was performed for model 4 of Fig. 
2 using the expressions for A, B, and 1/~ as shown 
in Tables 2-4 with values for the rate constants as 
shown in Table 5. The corresponding uptake time 
courses are presented in Fig. 5 for substrate con- 
centrations varying from 0.1 to 5 mM and in the 
absence of membrane potential. It is readily appar- 
ent from this figure that the transient state (lag) is 
more apparent with increasing substrate concentra- 
tions. That this effect is due to an increase in both 
the amplitude and the time constant of the relaxa- 
tion can be better seen from the curves pertaining to 
the 0 mV situation in Fig. 7B and C, respectively. 
At the same time, the steady-state rate of substrate 
accumulation is also increased (see Fig. 5) and fol- 
lows the expected Michaelian behavior (see Fig. 7A 
at 0 mV). This result contrasts with the substrate 
dependency of the amplitude which clearly shows a 
non-Michaelian profile (sigmoidicity) over the same 
range of concentrations (see Fig. 7B). 
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Fig. 5. Simulation of the time course of z e r o - t r a n s  uptake of 
substrate at fixed external substrate concentrations (raM) and 
with membrane potential clamped to zero. Values of the rate 
constants were as shown in Table 5 using model 4 of Fig. 2 

It should be emphasized that similar simula- 
tions can be performed on this model under burst 
situations. In this case, the amplitude of the tran- 
sient state increases with increasing substrate con- 
centrations, but becoming more and more negative. 
However, the value of the time constant decreased 
with increasing substrate concentrations (results 
not shown). 

The same effects of increased substrate concen- 
trations are expected for model 1 of Fig. 2 which 
can also lead to either lag or burst situations. Since 
in both cases the sign of the amplitude is indepen- 
dent of the substrate concentration as shown in 
Eqs. (1) and (4) of Table 3, it can be concluded that 
lag-to-burst transitions are never to be expected in 
such models by varying the external substrate 
concentration. 

While simulations of substrate concentration ef- 
fects could as well be performed for all models of 
Fig. 2, it is not necessary to do so in order to assess 
the validity of such an experimental approach aim- 
ing at model discrimination. By just looking at the 
form of the substrate dependency predicted by the 
equations for A and 1/o~ corresponding to each of 
these models (see Tables 2 and 4), it can be readily 
appreciated that concurrent models may indeed be 
differentiated from the analysis of the substrate ef- 
fects on these experimentally determinable parame- 
ters. Thus, while models 1, 2, 4 and 6 should 
present saturation in A with increasing substrate 
concentrations, the two other models will show a 
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continuous decrease of this parameter under similar 
conditions (see Table 2). Similar observations apply 
to 1/~. While saturating functions are to be ex- 
pected for models I, 2 and 4, a continuous decrease 
should be observed with the three other models (see 
Table 4). It is noteworthy in the context of the 
present discussion that the expressions for the 
steady-state influx B only show saturation with sub- 
strate concentrations for all models (Table 3), thus 
clearly supporting the view that the steady-state ap- 
proach alone will not in general allow any conclu- 
sion to be drawn as to the localization of the rate- 
limiting steps along a given transport pathway. 
However, when considering the substrate depen- 
dency of A and l /a ,  it appears possible to discrimi- 
nate between models (1, 2 and 4), (3-5), and 6. 
Moreover, since the equations for A, B, and 1/c~ 
pertaining to each model are analytically expressed 
in terms of the rate constants for the rate-limiting 
steps and of the equilibrium constants for the fast 
ones, all of these may actually be determined from 
experimental results obtained at different ligand 
concentrations using standard curve-fitting proce- 
dures on these experimental parameters. This 
clearly shows both the interest and the power of the 
presteady-state approach as compared to the 
steady-state one. 

Membrane Potential Effects 

The approximate solutions derived above also al- 
low, by simulation of the derived equations, to eval- 
uate the influence of the membrane potential on the 
transient kinetics. Of particular concern to us in this 
regard was to evaluate the possibility for membrane 
potential-induced transitions from lag to burst, in 
order to assess the relevancy of the suggestion 
made in the introduction that the shift from upward 
to downward deviations as seen in the uptake of 
glutamic acid by rabbit intestinal brush-border 
membrane vesicles may actually be compatible with 
the observation of presteady-state kinetics. For this 
purpose, we choose again to simulate the equations 
corresponding to model 4 of Fig. 2. This choice was 
not done arbitrarily since, in order to observe a 
transition from burst to lag, one needs a model in 
which the expression for the A term can change its 
sign, so that only models 1 and 4 can satisfy this 
criterion. 

To evaluate the membrane potential effects on 
the transient kinetics of model 4 in terms of possible 
transitions from lag to burst, we only need to con- 
sider the difference (k21 - k34) which appears in the 
derived expression of the amplitude, in accordance 
with Eq. (4) of Table 2. The membrane potential 
effect is then introduced in these rate constants ac- 

cording to the formalism and symbolism recently 
developed by Lfiuger and Jauch (1986). The two 
rate constants can thus be written as Eq. (41) and 
(42). 

t t  

t!  

k34 = k34 d t~L+~/~ ~l ~. 

(41) 

(42) 

In these equations, zx and zL represent the 
charges present on the substrate and the empty car- 
rier, respectively, 8 is the fractional dielectric dis- 
tance over which these charges move, and ~ is the 
dielectric distance over which additional charge dis- 
placements may occur during a conformational 
transition that leads to reorientation of polar resi- 
dues other than the substrate binding site. Also, in 
these equations, k~l and k~4 a re  the values of the 
rate constants in the absence of membrane potential 
and u is given by Eq. (43), 

FV 
u = (43) 

RT 

where V is the membrane potential difference be- 
tween the internal and external compartments and 
where F, R and T have their usual meanings. 

It is now possible to write down the difference 
between these two rate constants which can be cast 
under the form of Eq. (44) after a few simple trans- 
formations. 

k21 - k 3 4  = e I z " a §  - k~4e-~- . (44) 

Under this form, Eq. (44) clearly shows that 
lag-to-burst transitions (or the reverse) are actually 
possible with such a model provided that zx and/or 
are not equal to zero. This last condition is; rather 
interesting since it eliminates models where the in- 
side-to-outside conformational transitions are volt- 
age independent, that is in the so-called "high-field 
access-channels" or "ion wells." Also, Eq. (44) 
clearly indicates that reversal of the sign of the am- 
plitude of the transient state is independent of the 
presence of charges on the free carrier, whether at 
the substrate binding site or not. Finally, for such 
transitions to be observed on a physiological range 
of membrane potentials, it can be seen from Eq. (44) 
that the values of k~l and k~4 need to be of the same 
order of magnitude. 

For these reasons, the simulation of lag-to-burst 
transitions was done using the values of the rate 
constants shown in Table 5 with a value for 8 set 
equal to 1, that is in the case of a "low-field access- 
channel" where the access channel is a wide aque- 
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Fig. 6. Simulation of the time course  of z e r o - t r a n s  uptake of  
subst ra te  at varying membrane  potentials (mV) and fixed sub- 
strate concentra t ion of  5 mM. Values of  the rate cons tants  were 
as shown in Table 5 using model  4 of  Fig. 2 

OUS pore or vest ibule with a low electric resistance 
so that the whole membrane  potential  effect occurs 
on the inside-to-outside conformational  transitions 
of  the empty  and loaded carrier forms.  Also, the 
value o f t  was set at 0.5 (L~iuger & Jauch, 1986) and 
the substrate concentrat ion at 5 mM. Figure 6 shows 
the result  of  such a simulation with values for zx and 
zL of + 1 and - 1 ,  respect ively,  so that the loaded 
complex  is neutral.  Such a situation was chosen to 
mimick glutamic acid t ransport  through the binding 
of 1 g lu tamate-  and 2 Na  § ions on a negatively 
charged carrier  (Burckhardt  et al., 1980; Schneider 
& Sacktor,  1980; Nelson et al., 1983; Himukai ,  
1984; Fukuhara  & Turner,  1985; Rajendran et al., 
1987; Wingrove & Kimmich,  1987). It  can thus be 
concluded that lag-to-burst  transitions can be gener- 
ated under  these conditions when going f rom inside- 
posit ive to inside-negative membrane  potentials.  

The effect of  varying the substrate concentra-  
tion at different values of  the membrane  potential 
was also simulated and the results of  this study are 
shown in Fig. 7 for the different measurable  param- 
eters relating to substrate uptake.  It  is interesting to 
note that saturation with substrate  concentrat ion is 
observed at all membrane  potentials for the steady- 
state influx B (Fig. 7A) as well as for the amplitude 
A (Fig. 7B) and the t ime constant  1/o~ (Fig. 7C) of 
the transient state. However ,  the non-Michaelian 
behavior  of  the ampli tude as compared  to both the 
s teady-state  influx and the time constant  should 
again be emphasized.  Also, the opposi te  effects of  
the substrate  concentrat ion in increasing or de- 
creasing the t ime constant  of  the transient state dur- 
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ing lag and burst situations, respectively, is worth 
noting in Fig. 7C. As can be better appreciated in 
Fig. 8A-C, all of the measurable parameters are 
complex functions of the membrane potential which 
are highly dependent on the substrate concentra- 
tion. Also, Fig. 8B clearly demonstrates that the 
sign of the amplitude of the transient state (lag-to- 
burst transitions) can only be reversed by changing 
the polarity of the membrane potential and is inde- 
pendent of the substrate concentration. 

Simulations similar to those above could as well 
be performed with any of the other models. Obvi- 
ously, from the equations of the relaxation ampli- 
tudes shown in Table 2, only model 1 may be 
expected to generate a lag-to-burst transition. How- 
ever, the membrane potential dependency of this 
parameter will be more complex due to the pres- 
ence of the equilibrium constant K3 in the expres- 
sion influencing the sign of this parameter and many 
cases may need to be considered. As to the other 
models, the expressions for the membrane potential 
dependency of the different experimental parame- 
ters will obviously be quite complex also such as to 
preclude any relevant information to be gained in 
terms of model discrimination without further sim- 
plifications. 

Discussion 

In this paper, we fully describe for the first time the 
presteady-state kinetics of carrier-mediated trans- 
port under zero-trans conditions and demonstrate 
that the number of transient states to be observed 
depends on the number p of intermediary steps in- 
volved in the substrate flux pathway and is equal to 
(p - I). It should be emphasized, however, that 
this conclusion may only be valid for transport 
models in which the fully loaded form of the carrier 
is the only pathway involved in the transmembrane 
permeation of the substrate since the presence of 
internal leaks (slip) and branched pathways were 
not evaluated in our derivations. It should also be 
emphasized that the derivation of the analytical ex- 
pressions for both the amplitude and the time con- 
stant of the different relaxations is not possible for 
models with p > 5, a situation which is already at- 
tained with the even simplest model of cotransport 
represented by a six-state transport mechanism. We 
thus aimed at finding the analytical expressions of 
these experimental parameters for such models by 
introducing realistic simplifications which were 
tested in the simpler case of the four-state, carrier- 
mediated transport mechanism. 

The simplest hypothesis that would reduce the 
number of observable transient states is based on 
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the time-scale separation hypothesis which simply 
states that all transitions between the elementary 
reactions leading to substrate flux do not proceed at 
the same rate, so that only the slowest ones can be 
seen in realistic experiments. This principle was ap- 
plied to the four-state model of carrier-mediated 
transport by assuming that only one transient state 
could be observed. It should be stressed that this 
condition is not restrictive for the application of the 
method which could easily be extended to a higher 
number of observed relaxations. However, in such 
cases, polynomials of degree 2 or 3 may need to be 
solved. 

Under these conditions, we show that the gen- 
eral four-state model of carrier-mediated transport 
leads to six degenerate models depending on the 
relative positions of two rate-limiting steps along 
the transport pathway. It is then possible to derive 
the flux equations for each of these by integration of 
only one differential equation. From the detailed 
study of each particular case and the justification of 
the validity of the derived analytical expressions 
which were presented in Results, it seems that this 
approach can now be generalized as the "rapid 
equilibrium (presteady-state) approximation" with 
the following rules: 

(i) All of the intermediary states which are linked by 
rapid steps can be described by equilibrium con- 
stants. In the generalized treatment which is pro- 
posed here, this also includes the rapid step 
which leads to internal liberation of substrate, so 
that Eq. (45) needs to be considered. 

(Xi) N1 
K4 - N4 (45) 

Obviously, in models 4 to 6 of Fig. 2, Eq. (45) 
will lead directly to the conclusion that N4 = 0 
and the concentration of this carrier form can be 
dropped out of the conservation Eq. (1). More- 
over, when combining rapid steps leading to the 
internal liberation of substrate, all the concentra- 
tions of the intermediary forms involved will be- 
come equal to zero and can then be neglected in 
the conservation equation. This can be easily ver- 
ified in the case of model 6 by combining Eq. (19) 
and (45). 

(ii) In analogy with the rapid equilibrium, steady- 
state treatment of transport mechanisms, the sub- 
strate flux equation is governed by the first slow 
transition preceding the internal substrate release 
step. Moreover, since zero-trans conditions pre- 
vail, this step can be considered as irreversible. 
This conclusion can be easily verified by inspec- 
tion of the six models of Fig. 2. 

(iii) The differential equation which governs the 
time dependence of the carrier form involved in 
the substrate flux equation is easily found from 
the derivative of the conservation equation in 
which all negligible concentrations of intermedi- 
ary carrier forms have been dropped out accord- 
ing to rule i and in which all intermediary forms 
still linked by rapid steps have been grouped. 
This can easily be verified from the differential 
equations pertaining to each of the models of Fig. 
2. Moreover, under its differential form, this 
equation automatically gives the analytical ex- 
pressions for the steady-state concentration N s 
of the carrier form involved in the rate law for 
substrate release and for the time constant of the 
relaxation process (l/a). 

(iv) The differential equation obtained under rule iii 
can now be integrated with an upper boundary 
condition given by N s and a lower boundary con- 
dition given by the concentration N~ of the car- 
rier form involved in the rate law for substrate 
release which was present following the rapid re- 
distribution of the carrier forms involved in the 
true initial conditions N*. The N)* are easily de- 
termined from the known preincubation condi- 
tions while the N]  are calculated by considering 
the rapid steps connecting the N* and the Ny. 

(v) Finally, the substrate rate law can be integrated 
in order to find out the analytical expression of 
the relaxation amplitude (A). 

It should be emphasized that these rules are also 
expected to apply to more complex models involv- 
ing any number of intermediary steps. 

In the case of the four-state mechanism for car- 
rier-mediated transport, this simple treatment al- 
lows very interesting conclusions to be reached and 
allows establishment of the following experimental 
criteria for model discrimination: 

(i) The type of relaxation (lag and/or burst) is 
strongly dependent upon the relative positions of 
the rate-limiting steps along a given transport 
cycle. Actually, lags can be generated in all types 
of models except for model 6 in which both the 
recycling of the free carrier and the outside ligand 
binding step are rate limiting. On the other hand, 
bursts can only be generated in models where the 
recycling of the free carrier is one of the rate- 
limiting steps (models 1, 4 and 6). Only two 
models (1 and 4), including the most studied rapid 
equilibrium steady-state model 4 (Schultz & Cur- 
ran, 1970; Heinz et al., 1972; Jacquez, 1972; Kim- 
mich & Carter-Su, 1978; Turner, 1981, 1983, 
t985), show rather flexible kinetics as they will 
accommodate either lags or bursts or absence of 
transient state. From an experimental point of 
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view, it can thus be concluded that the direct ob- 
servation of lags and bursts are necessary condi- 
tions that would allow rejection of model 6 and 
models 2, 3 and 5, respectively. It should be 
noted, however, that the absence of presteady- 
state, while compatible with models 1 and 4, can- 
not be differentiated from true steady state with- 
out further experimentation. 

(ii) The substrate dependency of the analytical ex- 
pressions for the experimentally measurable pa- 
rameters of the uptake transient states (A and 
l /a) is different according to the different config- 
urations of the rate-limiting steps. Accordingly, 
as discussed in more details in Results, it seems 
possible to discriminate between models (1, 2 and 
4), (3 and 5) and 6 by such an experimental analy- 
sis. Also, it can be concluded that variations in 
the substrate concentrations may help in modu- 
lating both the amplitude and the time constant of 
the transient state but that transitions from lag-to- 
burst kinetics cannot be induced by changing the 
substrate concentration in the simple carrier 
mechanism. Finally, it is important to emphasize 
that the substrate dependency of the relaxation 
amplitude is always non-Michaelian in nature 
since involving square terms in substrate concen- 
tration in the denominator (always) and the nu- 
merator (sometimes) of its analytical expression. 
It is interesting to point out that the results of 
Otsu et al. (1989) demonstrate the presence of a 
sigmoid (non-Michaelian) dependence of the 
burst amplitude on the Na § concentration. In our 
model calculation, such a dependence is expected 
and does not require additional assumptions such 
as multiple interacting sites as suggested by Otsu 
et al. (1989). 

(iii) Studies analyzing the effect of membrane po- 
tential on presteady-state kinetics can be useful 
to modulate the substrate concentration depen- 
dency of such transport kinetics. Obviously, such 
studies are only possible with charged substrates 
and/or carriers. In this last case, it is interesting 
to note that nonrheogenic transport pathways 
may, however, show membrane potential sensi- 
tivity during the presteady-state period. Also, it 
should be noted that membrane potential-induced 
transitions from lag-to-burst kinetics are only 
possible with two of the six models of Fig. 2 
(models 1 and 4) and thus that such an obserVa- 
tion can be used as an absolute criterion in favor 
of any of these two models. 

(iv) Experimental results can be compared to the 
predictions of a specific model and, in general, all 
of the rate and equilibrium constants may be esti- 
mated by standard curve-fitting procedures. It is 
interesting to note, however, that the carrier con- 

centration, which is usually determined from the 
value of the burst amplitude in enzyme kinetics, 
is not directly attainable from this expression 
without knowing (or having determined first) the 
values of the other parameters describing the 
model. It should also be mentioned that models 1 
and 4 on one hand, and models 3 and 5 on the 
other hand, cannot be differentiated based on 
zero-trans influx experiments alone. However, 
assuming that presteady-states could also be ob- 
served in zero-trans efflux experiments, then, be- 
cause of symmetrical considerations, models 1 
and 5 should now behave like models 6 and 2, 
respectively, while the behavior of models 3 and 
4 should not be changed. It thus seems possible to 
select one particular approximate model and thus 
to determine the rate-limiting steps along a trans- 
port pathway by an adequate choice of experi- 
mental conditions. 

It is important to emphasize that the above con- 
clusions may not apply to more complex transport 
mechanisms. For example, conclusion (i) is particu- 
larly obvious in the special case of only one tran- 
sient state being observed and should apply as well 
to more complicated cases. However, increasing 
the number of the rate-limiting steps will also com- 
plicate the shape of the uptake transients as succes- 
sions of lag(s) and/or burst(s) may be anticipated. 
Such a situation may well be compatible with the 
observations of Otsu et al. (1989) with the Na+-H + 
exchanger of rabbit renal brush-border membranes. 
Also, the conclusion that transitions from lag-to- 
burst kinetics cannot be induced by changes in the 
substrate concentration do not seem to apply to a 
six-state model of cotransport even when assuming 
rapid equilibrium at the surfaces as shown by theo- 
retical studies actually in progress. Nevertheless, 
the fact that such transitions can be observed when 
varying the membrane potential does support the 
hypothesis made in the introduction as to the obser- 
vation of presteady-state kinetics in the transport of 
glutamic acid by rabbit jejunal brush-border mem- 
brane vesicles (Berteloot, 1986). 

In summary, our demonstration that even com- 
plex cotransport models can lead to the derivation 
of approximate solutions .and analytical equations 
should be viewed as an invitation to develop new 
techniques that would allow a more straightforward 
analysis. Such an effort has been made in our labo- 
ratory over the last 2 years and should give us an 
opportunity to critically evaluate soon our prelimi- 
nary data with glutamic acid uptake. 
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