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The kinetic properties of a family of cotransport models are studied. The most general model allows the sub- 
strate and activator to bind in a random fashion to the transporter (iso random bi-bi mechanism). The other 
models require an ordered binding sequence (iso ordered bi-bi mechanism) and differ according to the order and 
symmetry of the binding events at the two membranes faces. In all cases it has been assumed that the transloca- 
tion of the carrier is the rate-limiting step in the transport process. It is demonstrated that under zero trans, 
equilibrium exchange and infinite trans experimental conditions the usual kinetic parameters Km and V can be 
expressed as simple functions of the activator concentration and a minimal set of model dependent constants 
with well defined kinetic interpretations. Kinetic criteria for distinguishing between the various models are establ- 
ished. The incorporation of the effects of membrane potential into the flux equations is also treated with the aid 
of certain simplifying assumptions. The usefullness of the concept of 'effective charge' for non mobile carder 
mechanisms is emphasized. 

Introduction 

It is now well established that the active accumula- 
tion of many solutes by a variety of cell types is 
driven by secondary active cotransport processes 
[1,2]. The cotransported species, or 'activator', 
whose electrochemical gradient provides the 
necessary driving force for this accumulation is 
typically a monovalent cation and such as H ÷ or Na ÷. 
Given the ubiquity and importance of this type of 
transport system it is of considerable interest to 
attempt to determine the molecular mechanisms 
involved in the transport event. This problem can be 
approached in a variety of ways and our final under- 
standing will undoubtedly be based on a synthesis of 
information obtained from many methodologies. In 
this paper the approach of transport kinetics is 
explored through a systematic theoretical treatment 
of a family of cotransport models. The usefulness of 
kanetlc criteria for distinguishing between and charac- 

terizlng certain reaction mechanisms is well-known 
from enzymology [3|. 

The kinetic properties of five closely related co- 
transport models of the carrier type are treated here. 
The most general model allows the substrate mole- 
cule and activator ion to bind in a random fashion to 
the transporter in analogy to an iso random bi-bi 
mechanism in enzyme kinetics [3]. The other four 
models, which may be regarded mathematically as 
special cases of the one just mentioned, require an 
ordered binding sequence analogous to an iso ordered 
bI-bi enzymatic mechanism. The models differ from 
one another according to the order and symmetry of 
the binding events at the two membrane faces. In all 
cases it has been assumed that the translocation of 
the carrier is the rate-limiting step in the transport 
process. In contrast to many previous treatments 
of cotransport models, in this paper (1) no assump- 
tions of symmetry of binding constants or transloca- 
tion rate constants are made, (2) a variety of possible 
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experimental conditions (zero trans, equilibrium 
exchange and infinite trans) are considered and (3) 
the predictions of the various models are analyzed In 
the same theoretical framework and kinetic criteria 
are established for distinguishing between them. 

As a basis for the present analysis it is demon- 
strated that the usual kinetic parameters, Km and V, 
which characterize the substrate flux, can be 
expressed as simple functions of the activator concen- 
tration and a minimal set of model dependent con- 
stants with well defined kinetic interpretations. For a 
given set of experimental conditions these constants 
represent the maximum amount of information ob- 
tainable about the system from steady-state flux 
measurements. 

The Incorporation of the effects of membrane 
potential into the substrate flux equations is also 
treated with the aid of certain simphfying assump- 
tions. 

Theoretical derivations 

Description of the models 
The five models treated in this paper are shown 

schematically in Fig. 1. The two cotransported 
species are referred to as the substrate, S, and the 
activator, A. In the figure the 'free' carrier on side n 
of the membrane is represented by Cn, the carrier 
plus bound substrate by CS n, the carrier plus bound 
activator by CA n and the carrier plus bound activator 
and substrate by CASh. The external and internal 
faces of the membrane are labelled by n = 1 and n = 
2, respectively. The rate constants for the transloca- 
tion of the various free and loaded carrier species 
across the membrane are designated kx2, fl2, g12, and 
h 12 for Inward diffusion and k21, f21, g21, and h 21 for 
outward diffusion. The dissociation constants KAn, 
KASn, etc. which characterize the various binding 
events at the two membrane faces are discussed 
below. 

In the Random model (Fig. la) the substrate and 
activator can bind to and dissociate from the carrier 
in either order whereas in the AS and SA models 
(Figs. 1 b-1  e) only one binding sequence is allowed at 
either membrane face. The models with 'mirror sym- 
metry' have the same order of binding at both sides 
of the membrane while the models with 'glide sym- 
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metry' have the binding order reversed at opposite 
sides. Glide symmetry suggests a first In, first out 
mode of behavior which might, for example, be char- 
acterlstic of certain types of pores [4]. Note that the 
AS Ghde and SA Glide models are only distlngmshed 
from one another by their orientation in the mem- 
brane. 

The kinetics of substrate flux for cotransport 
models related to those shown in Fig. 1 have been 
treated by a number of authors In the past [4-16] ,  
however, in many cases assumptions of symmetry 
of translocatlon rate constants [5-7,10,15], sym- 
metry of binding events at the two membrane faces 
[8,10] or lack of mobility of partially loaded forms 
of the carrier [ 12,15] have hmlted the generality and 
usefulness of their results. In a few instances several 
of the schemes shown in Fig. 1 have been analyzed 
together [4,7,10,12,13] and kinetic criteria for dis- 
tinguishing between them have been derived. But a 
general treatment of all the models under a variety of 
experimental conditions as presented here has been 
lacking. Moreover, no attempt seems to have been 
made to parametrlze the kinetic equations in any 
useful or meaningful way. 

As has been stressed previously [16] 'carrier- 
type' models such as those shown in Fig. 1 are con- 
siderably more general than the usual mobile carrier 
interpretation. These models assume only that the 
binding sites of the transporter are alternately 
exposed on one or the other side of the membrane 
and that these translocatlons are characterized by the 
rate constants k12, k21, g12, etc. No further assump- 
tions about the physical mechanism of the transport 
event are made. 

Assumptions 
The usual assumptions associated with the equili- 

brium carrier model [8-10] are made here, namely 
that: 

1. The rate-limiting step In the transport process is 
the movement of the transport-binding site from one 
membrane surface to the other; thus the transporters 
are in equilibrium with the hgands S and A at the 
membrane faces. 

2. The total number of transporters, free and 
loaded, is constant and equal to Co. 

3 There is no net movement of transporter bind- 
ing sites from one face of the membrane to the other; 
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in other words, a steady state exists at the time of 
measurement 

4. The transporter itself is not primary active. 
In several cases [4,12-14] transport schemes 

similar to the various ordered models of Fig. 1 have 
been solved without making the assumptmn that the 
translocatlon step of the carrier is rate-hmitmg 
(assumption 1 above). The vahdlty of this assumption 
for cotransport systems m general remains to be 
evaluated, however, it seems reasonable to assume 
that for a given transporter assumption l will hold at 
least for certain substrates and/or physical con&- 
trans. The effect of this assumption in simplifying the 
handhng and pre&ctlons of kinetic models is well 
known [3]. 

Solution o f  the 'Random model '  
The Random model of Fig. 1 can be solved m a 

straightforward manner by standard algebraic mani- 
pulation [16]. The points which are essential to the 
present work are given briefly below. 

From assumption 1 above and Fig. la we have that 
on side n of the membrane 

[C.I [S.] [CS.] [A.I 
K S n -  [CSn] K S A n -  [CASh] 

[Cn] [An] [CAn] [Sn] 
K A n -  [CAn ] KASn - [CASh] 

from which it follows directly that 

KSnKSA n = K AnK AS n ( 1 ) 

Additionally from assumption 1 we have that the 
un&rectlonal flux of substrate from side 1 to side 2 
of the membrane is given by. 

j ~ 2  :f12 [CSl] + hi2 [CAN1] 

Using assumptions 2 and 3 we find that 

(2) 

[CSI] - [ $ 1 1  Q1 [CAS1] - [ S , ]  [ A I ]  
-Ks--- ~- 2, KA1-KASl Q12 (3a) 

with Fnm and an given by 

Fnm = knrn + [An---~] gnm+ [Sn]] fnm 
KA n KS n 

[S.l [A.] 
hnr n 

K AnK AS n 
(4a) 

and 

[A.] [S.] [S.] [A.] 
a n = 1 + + ~ (4b) 

KA n Ks  n KAnKAS n 

The corresponding umdlrectlonal flux from side 2 to 
sade 1 of the membrane may be simply obtained by 
exchanging the roles of the subscripts 1 and 2 m 
Eqns. 2 and 3. 

Assumption 4 reqmres that the parameters of the 
model be related m such a way that when the electro- 
chemical potential differences for both substrate and 
activator across the membrane are zero the net flux 
of these spemes is zero. This leads to the following 
thermodynamic constraints on the parameters of the 
Random model: 

Ks2fl 2 k21 eZSU = Ks x f21 k l 2 

KA2g12k21 ezAu = KA1g21k12 

KsA2h12f21 ezAu = KSA l h21f  l 2 

KAS 2 h 12g21 eZSU .7_ KA S i h2 lgx 2 

(5) 

(6) 

(7) 

(8) 

and 

Ks2KsA2k21hl2e(ZS+ZA)U =KAIKAslk12h21 (9a) 

or equivalently (cf., Eqn. 1) 

KA2KAs2k21hx2e(ZS+ZA)U = KslKsAlk12h21 (9b) 

where 

FA~ 
where u - (10) 

R T  

Co&l 
Q12 - (3b) 

alF21 + a2F12 

Here F, R and T have their usual thermodynamic 
definitions, z s and z A are the electrical charges on the 



TABLE I 

MATHEMATICAL CONDITIONS FOR DERIVING THE 
SOLUTIONS OF THE AS AND SA MODELS FROM THE 
SOLUTION OF THE RANDOM MODEL 

AS Mtrror Model 

f n m ~ O  

KSn ~ oo and KSA n ~ 0 such that KSnKSA n ~ K AnK AS n 

Only Eqns. 6 and 8 apply to this model. 

AS Glide Model 

fnm ~O,  gnm ~ O  

KS1 -~ ~ and KSA 1 -~ 0 such that KsIKSA 1 ~ KA1KAs 1 

KA2 ~ 0o and KAS 2 ~ 0 such that KA2KAs 2 -~ Ks2KsA 2 

Only Eqn. 9a applies to this model. 

SA Mirror Model 

gnm -~ O 

KAn -~ ~ and KAS n -~ 0 such that KAnKAS n -~ KSnKSA n 

Only Eqns. 5 and 7 apply to this model. 

SA Ghde Model 

gnm ~ O, fnm ~ 0 

KA1 -~ ~ and KAS 1 -~ 0 such that KA1KAs I -+ Ks1KsA 1 

KS2 ~ ~ and KSA 2 -~ 0 such that Ks2KsA 2 -~ KA2KAs 2 

Only Eqn. 9b applies to this model 

substrate and activator, respectively, and A~ = 
6 ~ , -  qJl is the electrical potential  difference (mem- 
brane potential)  between side 2 and side 1 of the 
membrane. In fact, only three of  the five constraints 
represented by Eqns. 5 - 9  are mathematically inde- 
pendent,  since given any three the remaining two can 
be derived from them using Eqn. 1. The reason for 
including all five equations will be clear when the 
solutions to the AS and SA models are discussed 
below (cf Table I). 
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Solut ions o f  the A S  and S A  models  

The solutions of  the AS and SA models may be 
taken directly from Eqns. 2 - 4  since these models 
may be regarded as hmltlng cases of  the Random 

model. The mathematical  conditions which reduce 
the solution of  the Random model to those of the 
various simpler models are given an Table I. 

The kinetics of  substrate flux 

The kinetics of  substrate flux IS studied here under 
the following substrate and activator conditions: 

{i) zero trans condit ions,  1.e , [$2] = [A2] = 0. 
(ii) equilibrium exchange condit ions,  l e., IS1] = 

[S21, [A1] = [A2], A~ = 0. 
(iii) infinite trans condit ions,  l . e ,  [$2]-+oo, 

[ A 2 ] - + ~ ,  or more specifically that [$2] and [A2] 
are sufficiently large that F21-+h21[S2][A2] /  

KA2KAs 2 and a2 ~ [$2] [A2] /KA2KAs  2 (cf Eqns. 4a 
and 4b). 

R a n d o m  mode l  

Using Eqns. 1 - 9  it may be shown in a straight- 
forward (but  somewhat tedious) way that for each of  
the experimental  conditions given in the preceedlng 
paragraph the unidirectional substrate flux from side 
1 to side 2 of  the membrane may be written in the 
form 

_ V~ ~2  [S1] (11)  

+ [Sll 

where V~ ~2, the maximum velocity of  transport,  and 
K1~2 s , the apparent Mlchaells constant,  can be writ ten 
as simple functions of  tAIl  as follows: 

V~_~2 = I~s ,K~,  + WSSl [Al l  (12) 

K ~  1 + t a l l  

K~ ~ =' K~'I ' (K~,  l + [ A l l )  (13a) 
K.~ 1 + [Al l  

o ~ . {  + [A1] ]  
- K s I K A x  1 (13b) 

K ~ I  + tAl l  \ K ~  1 ] 

The parameters in the above expressions have the 
following kinetic significance: 
l#sl -- maximum flux of  S from side 1 to side 2 of  the 
membrane when tAl l  = 0. 
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TABLE I1 

EXPRESSIONS FOR KINETIC PARAMETERS (see text) 

Activator and Zero trans Equilibrium exchange Infinite trans 
substrate conditions 

Cofl 2k2 1 Cofl 2f21 Cofl 2h2 1 ,0 
IS1 fl2 + k21 f12 + f21 f12 +h21 

r~ Co h 12k21 Co tt 12h21 Coh 12h21 
|SI hi 2 +k21 hi2 +h21 hi2 +h21 

k12 +k21 k12 +k21 k12 +h21 
K~I KA1 g12 +k21 (AI2/KA 2) + (k21/gA 1 ) KA1 gl~ "+h21 

112 +h21 
o o  f l  2 + k21 h 12KsA2 + h 21KSA 1 KSA 1 h 12 + h 21 

KA1 KSA1 hi2 +k21 hi2 +h21 

k12 +k21 k12+k21 k12 +h21 
KS KS1 f12 + k21 (k12/Ks 2) + (k2 I/Ks1) KSI f12 + h21 

g12 +h21 
o o  gl 2 + k21 tt 12KAs 2 + h21KAs 1 KAS 1 h 12 + h21 

KS 1 KASIhl 2 +k21 hi2+h21 

V~s l = maximum flux of  S from side 1 to side 2 of the 
membrane when [All -+ ~.  
K~I = apparent Mlchaells constant for the flux of  S 
from side 1 to side 2 of the membrane when [All = 
0. 
K ~  = apparent Mlchaehs constant for the flux of S 
from side 1 to side 2 of  the membrane when JAIl 
O O  

K ~  = apparent Machaelis constant for the flux of  A 
from side 1 to side 2 of the membrane when [$1] = 
0. 
K~q = apparent Mlchaehs constant for the flux of  A 
from side 1 to side 2 of  the membrane when [S1] -+ 
OO. 

Expressions for these quantities under zero trans, 
eqmhbrlum exchange and mfimte trans condmons are 
given m Table II. Note that in the models treated here 
half-saturation constants for transport by the carrier 
and binding to the career are identical (Le. Kd = 
Kin). In analogy to Eqn. 1 at can be shown from 
Table I that m general 

0 ~ - -  oo 0 
KA~Ks~ - K A I K S  1 

The expressions for the AS and SA models corre- 
sponding to Eqns. 12 and 13 are given below. For 
each model the quantities I~Sl, V~s 1, /~sl, etc. are 
those defined m Table II with the additional con- 
straints Imposed by the conditions of  Table I. 

AS mirror model 
In this model l~sl = K~l  = 0, and K~I -+ oo thus 

V~ ~ 2  = V~S 1 ( 1 4 )  

and 

K~ -*2-Ks~ (K,~ x + [All)  
[All 

(15) 

AS glide model 
Under zero trans and mflmte trans condxhons the 

solutions of  the AS glide model are ldenhcal to those 
of  the AS mirror model with the additional con- 
straint that gl2 = 0. Thus V~ ~2 and K~ ~2 have the 
same form as Eqns. 14 and 15 above. Under eqmhb- 
rium exchange conditions, however, for the AS glide 
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V~__, 2 _ V~s 1 [AI] (16) 
K~, + [All 

and K~ --+2 has the same form as Eqn. 13. 

SA mirror model 
In this model/~A1 -+ ~ and K~I = 0, thus 

v l + 2  = I~s1K~I + V~S l [A,] (17) 
KX1 + [All 

and 

0 
K s I K A  1 

Ks 1~2 - (18) 
K~ 1 + [All 

SA glide model 
Under zero trans and infinite trans conditions the 

solutmns of the SA ghde model are identical to those 
of the SA mirror model with the additional constraint 
that f12 =f21 = 0, and accordingly that l~sl = 0. Thus 
V~ ~2 and K~ -~2 have the form of Eqns. 16 and 18 
above. Under equflibrmm exchange con&hons V~ ~2 
and K~ -'2 have the form of Eqns. 16 and 13, respec- 
twely * 

Special cases 
Some special cases of the models analysed here 

have been treated in the hterature. Several of these 
are discussed briefly below. 

Several authors have assumed [12,15] or specul- 
ated [5-7,10] that the translocation rate constants 
fnm and gnm of the partially loaded forms of the 
carrier are zero or at least small enough to be 
neglected. At present there seems to be no conclu- 
sive experimental evidence on thxs point. Moreover 
gwen that the unloaded and fully loaded forms of the 
carrier are mobile, there seems to be no a prxon 

* The inhibition of the equilibrmm exchange flux of one co- 
transported specms by high concentrations of the other as 
described for glide models by Hopfer and Groseclose [4] is 
not seen in the models treated here. This can be shown to be 
due to assumption 1 of the present analysis which requtres 
the rateqimiting step in the transport process is the translo- 
cation event. 
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reason that the partially loaded forms are not mobile 
as well. Accordingly, in order to retain generality, 
fnm and gnm have not been set to zero here. A glance 
at the above derivations shows that assuming fnm = 

grim = 0 results m some simphficatlon of the expres- 
sions given m Table II The most notable is that l~sl 
vanishes, thus slmphfymg the form of V~ ~2 xn the 
Random and SA models (Eqns. 12 and 17). 

Heinz et al. [9] and Geck and Heinz [11] have 
considered two special cases of the Random model. 
These are the so-called 'velocity-type' and 'affinity- 
type' models. In velocity-type models ~t is assumed 
that the activator increases the mobility of the carrier 
without changing its afflmty for the substrate 0.e. 

hnm >knm but KAS n =KSn ) while m affinity-type 
models the actwator increases affmlty rather than 

moblhty 0.e. knm =gnm =fnm = hnm but KAS n < 
Ksn ). Examination of Table II shows that the form of 
Eqns. 12-18 are not changed by the velocity-type 
model assumptions. On the other hand for affimty- 
type models one finds that l~Sl = V~s 1 and thus that 
the expressxons for V~ ~2 in the Random and SA 
mxrror models (Eqns. 12 and 17)reduce to 

: 

Note, however, that this slmphficatlon of V~ -'2 only 
occurs if fnm =hnm. If it is assumed that knm = 
hnm --/:fnm (e.g. lffn m = 0) then V~ ".2 m the Random 
and SA mirror models retains the form of Eqn. 13 (or 
Eqn. 16 if fnm = 0) and no simplification of steady- 
state kinetics is obtained from the affinity-type 
model assumptions. 

Although the velocity- and afflmty-type assump- 
tions may be applicable to some experimental sys- 
tems ~t seems more hkely that the usual sltuatmn in 
Nature is a combinahon of these effects. Thus these 
and other special cases of the model parameters will 
not be treated further here but should be kept m 
mind by the interested reader. 

Properties and tests of the models 

Dependence o f  kinetic parameters on activator con- 
centration 

The expressions for K~ -'2 and V~ ~2 as functions 
of [Aa] (Eqns. 12-18) are quite different for the 
various models considered here. Thus if K~ ~2 and 



276 

V~ --~2 are determined experimentally over a broad 
range of activator concentrations (and ideally under 
more than one of zero trans, equilibrium exchange 
and infinite trans conditions) these predictions may 
be used as quantitative tests of  the models. Such an 
analysis would lead not only to the identification of 
the appropriate theoretical model ( i f  any) but also 
to the evaluation of the various kinetic constants 

I~Ai, K~i ,  etc. 
1-->2 In tills regard the usefulness of  the ratio V S / 

K~ --'2 should also be stressed. Like V~ -.2 and K~ -'2 
this quantity can also be determined from and Eadie- 
Hofstee or Lineweaver-Burke-type analysis (e.g. it is 
the intercept on the J~-'2/[$1] axis of  an Eadle- 
Hofstee plot); however, provided sufficiently low 
substrate concentrattons are used, it can also be mea- 
sured directly since when [S1] <K~ ~2, Eqn l l 
reduces to 

V~-'2 
= [s il 

T~- 1---~21 z.- 1--->2 The predicted dependence of ~s  /"-s on 
activator concentration is particularly sample in the 
case of  the SA models where it is a linear function of  
lAx] (except for the SA glide model under equilib- 
rium exchange conditions). 

Sevezal other simple functional relationships are 
also predicted in various models. For example, in the 
AS mirror model V~ --'z Is a constant and  K~ -'.2 is a 
hnear function of l/[A1] In the SA mirror model 
1/K~ -~2 is a linear function of [AI].  Similar rela- 
tions hold for the corresponding Ghde models under 
zero trans and mfimte trans conditions Also, under 
equilibrium exchange conditions both Glide models 
predict that 1/V~ -~z is a hnear function of 1/[AI].  

In general Glade and Mirror type models can be 
distinguished by comparing the activator depen- 
dence of influx (1 --* 2) and efflux (2 -+ 1) klnencs 
under zero trans (or infinite trans) conditions or by 
comparing the activator dependence of equlhbrium 
exchange kinetics to zero trans (or infinite trans) 
results 

Dependence o f  flux on activator concentration 
In addmon to studying the dependence o f  K~ -~2 

and V~ -~2 on activator concentration it is also inter- 
esting to look directly at the dependence of  j ~ 2  

on [A1]. From Eqns. 11-13  we have that for the 
Random model under zero trans, equilibrium 
exchange or infinite trans conditions 

j~--,2 - ( I~slK~,  + V~sI [A ' ] ) [SI ]  (19) 
0 0  0 o0  

KAI(KSi + [Sl])+ [Ai](Ks I + [81] ) 

In general a plot of  J ~ 2 / [ A 1 ]  VS. j~-~2 IS curvi- 
linear with the form shown in Fig. 2. For large [All 
this curve approaches a straight line with intercept 
V~SltSII/(Ks°I + iS1]) OR the j1~2  axis and slope 
- (K~I  + [Si]) /K~I( /~s  i + [Si]). This asymptotic 
behavior can be seen directly from Eqn. 19 since for 
[A1] large (>>I~sIK~I/V~Sl) this equation is of  
Michaehs-Menten form. Furthermore, when V~I = 0 
a plot ofJ~-~2/[Ai]  vs j ~ 2  is linear with the above 

012 

< o o8 

-"1 

004 - " \ ~  

0 I , 
0 2 0.4 

j ~~2 

Fig 2. Dependence of  flux on activator eoneentration.  The 
sohd lme represents a plot o f  J~-"2/ [A 1 ] vs. j~--*2 for the 
Random model (see text for details). The following Iraram- 
e " " ** t enzanon  was used; I~S1 = 0.2 I~SSt, [Sl ]  = K S .  = 0 .1/~S--  
j ~ 2  is plotted in units of  ~ • [AI ] is plott~x~ in umts  o f  

o • '31' ^ -'*2 ^1--~2 f ox  KAI .  The broken line IS a plot o f  J~ / [ A t ]  vs. J§  
the same parameterization. Note that the slope o f  the  solid 

• " * ' 2  I lme approaches that o f  the broken one as .t§ inerlm.~s 
(Le.  as  [ A I  ] ~ '~). 
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intercept and slope. Thus one can think of the devia- 
tion from hnearlty at low [A1] in Fig. 2 as being due 
to substrate flux moving via the carrier without co- 
transported activator. 

The above method of plotting flux data has several 
interesting properties. For example, under zero trans, 
equxhbrmm exchange or infinite trans condmons 

(1) The plot is always linear for the AS mirror, AS 
glide and SA glide models. It is curvihnear for the 
Random and SA mirror models if and only if V~I 4: 
0, i.e. if and only if the partmlly loaded carrier, CSn, 
IS mobile. 

(2) The intercept on the j~--,2 axis is independent 
of substrate concentration for the SA mirror model 
(and for the SA glide model except under equilibrium 
exchange conditions). 

(3) The intercept on the J~--'2/[AI] axis is a linear 
function of substrate concentration for the AS mirror 
model (and for the AS glide model except under 
equilibrium exchange conditions). 

A simple test for random vs. ordered binding 
schemes may be carried out using zero trans (or 
Infinite trans) flux data taken over a suitable range of 
substrate and activator concentrations as follows. If 
the j~--,2 intercept on an Eadie-Hofstee plot (1.e. 
V~ ~2) is found to depend on [AI] then both AS 
models are ruled out (cf. Eqn. 14); while ff theJ~ --'2 

1-'+2 j ~ 2  intercept on a Js  /[AI] vs. plot is found to 
depend on [SI], both SA models are ruled out. If  
neither intercept is found to be constant only the 
Random model is consistent with the data. 

A useful variation on the J ~ 2 / [ A I ]  vs.J~ -~2 plot 
is also worth discussing. Consider the quantity j~-,2 
defined by 

j ,~2  = S ~ 2  _ j ~ 2  ([A1 ] = 0) (20) 

where j~-~2 and j ~ 2  ([A1)] =0)  are substrate 
fluxes measured under the same experimental con- 
dmons m the presence and absence of activator, 
respectively. It can be easily shown that a plot of 
A1-.. 2 Js /[A1] vs. j~--,2 is linear for all models and experi- 
mental conditions treated here. The slope of this line 
is identical to that of the j ~ 2 / [ A I  ] vs. j~--,2 plot and 
the Intercept on the a~ ~2 axis is 

~ ,  [Sil ~s, [si] 
K~I + [S,] K,~ 1 + [SI] 

A ]~--'2/[A1] vs. ] ~ 2  plot has been shown in Fig. 2 

(see figure caption). 

Dependence of activator flux and kinetics on sub- 
strate concentration 

In the above treatment only substrate fluxes and 
kinetics have been considered, however, xf the 
activator flux through the transporter can also be 
reliably measured, analyses and tests compllamentary 
to all those discussed above can be carried out simply 
by reversing the roles of substrate and activator. 

Dependence of substrate flux on membrane potential 

Since many cotransport events are electrogenlc, 
considerable experimental and some theoretical 
emphasis has been placed on the dependence of 
coupled fluxes on membrane potential (A~). But 
since so little is known at present about the interac- 
tion of the transporter with the transmembrane 
electric field or about the way the electric field itself 
varies across the membrane, a number of assumptions 
must be made [16] in order to analyze the pre&cted 
dependence of flux on A~O. It is the purpose of this 
section to illustrate how the models discussed in th~s 
paper can be extended to include the effects of mem- 
brane potentials and, provided certain assumptions 
hold, solved to yield tractable testable predictions. It 
will quickly become clear, however, that more work 
is required to determine the validity of these assump- 
tions before membrane potential effects can be used 
to test transport models an a quantitative way. A 
related analysis from a different approach has been 
carried out by Geck and Heinz [11,17]. 

First, let us restrict ourselves to a simplified set of 
experimental conditions. Assuming that [A1] and 
[S1] are sufficiently small that [AI] "~/~AI and 
[S1] "~K~ --'2, then.]~ ~1 (cf. Eqn. 20) has the form 

jsl...+2 = ,V~s I [Sl] [AI] 
K~IKOA I (21) 

for all models and experimental condmons treated 
here (cf. Eqns. 11-18). Note that under these con- 
dltionsJ~ --'2 Is linear in both [All and [S1]. For zero 
trans experimental conditions Eqn. 21 can be 
rewritten as 

j~-~2 _ Cok21hl2[Sl] [All (.22) 

KASIKA1(k12 + k21) 
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We now follow the treatment of  membrane poten- 
tial for carrier type models given previously by 
Turner and Silverman [16]. In principle both the 
binding constants and the rate constants in Eqn. 22 

could be functions of  A~, however, for carrier type 
models it seems reasonable to assume that the most 
significant effect of Aft will be on the translocation 
rate constants since these parameters characterize 
processes involving the net transfer of  electrical 
charges across the membrane. Thus assuming that the 
binding constants of the models are not affected by 
electric fields and that the rate constants are simple 
exponential functions of /x~  It can be shown (cf. Ref. 
16) that 

kl2 = k ° 2  e -3r lu  k21 = k° l e  ~O-n)u (23) 

hi2 = h°12 e-o+zS+zA)r~u 

h2 x = h ° 1 eO+ZS+ZA)(1-r~)u  

Here u is defined in Eqn. 10, k°2, k°i, h°2 and h°I 
are the values of kl2, k21, hi2 andh21 when A~ = 0, 
/3 is the 'effective charge' of  the transporter (see 
below) and B characterizes the point in the electric 
field where the transition from C1 to C2 occurs. The 
parameters/3 and ~ are discussed briefly below and 
in more detail In Ref. 16. 

In a mobile carrier model /3 can be seen to 
represent the electrical charge of the free carrier [16]. 
As inentloned earlier, however, the kinetic models 
shown in Fig. 1 are not hmlted to the mobile carrier 
mterpretaUon. Thus the translocation rate constants 
knm, hnm , etc. simply characterize some unspecified 
conformational change in the transporter which 
results in a reorlentatlon of  binding sites, and/3, in 
turn, characterizes the electrical dependence of  these 
events./3 is referred to as the 'effective charge' of  the 
transporter since it is the charge that would be asso- 
oated with an 'electrically equivalent' mobile carrier. 
Note that for non mobile carrier mechanisms there is 
no reason to expect 3 to assume only integer values. 

The parameter r/ is restricted to the range 1 1> r//> 
0 and --r~A$ IS the electrical potential difference 
between side 1 of the membrane and the point at 
which the transition state of the carrier from form CI 
to C2 occurs (e.g. if the transition state occurs at the 
mid-point of  the transmembrane potential drop then 

r/= 0.5). It has been assumed in deriving Eqns. 23 
that r/ is ldenUcal for the loaded and unloaded forms 
of  the carrier [16]. 

Substituting Eqns. 23 Into Eqn. 22 yields 

0 0 Cok21h12 ,]1~2 - [all  [AI] e -q3+zS+zA)rlu 

KASIKAI (k°l + k°12 e-3u) 

With the further assumption that k°2 = k°l one can 
write 

yl'-+2 = y~+2 2e--(3+zS+zA)r~u 
1 + e -t3u (24) 

where 

f ~ 2  = Co[St] [Ai]h°t2 

2KAsIKAI 

Here f~-,2 is the flux of  S when Aft = 0. It is clear 
from Eqn. 24 that even with the above simplifying 
assumptions the dependance of  jl-~2 on membrane 
potential is rather complex and in general not easy to 
test expenmentaUy. Also the magnitude of  the effect 
of  the membrane potential on flux will be a function 
of  the parameters/3 and r/. Several simple cases are 
discussed below. 

Case 1. /3 = 0, i.e. the parameters k12 and k21 are 
independent of  A~ (or in terms of  a mobile carrier, 
the unloaded carrier is electrically neutral). With this 
assumpUon 

j ~ 2  = ~ 2  e-(ZS+ZA)rlu 

In this case'flux varies exponentially with AS but 
the parameter ~ plays an important role in the mag- 
nitude of  this effect Note in particular that when 
7"/ = 0 , J ' ~  -+2 IS independent of  AS. 

Case2. [3=-(z  s +ZA) 1.e. the parameters hi2 and 
h21 are Independent of  AS (or in terms of  a mobile 
carrier, the fully loaded carrier is electrically neutral). 
With this assumption 

j1--,2 _ 2f~ -.2 
1 + e (zS+zA)u 

In this case flux is independent of 7/. Note also 
that the maximum value o f J~  -'2 is 2 a ~1--'2 (obtained 



when (z s + 2"A) U "~ 0). This is in marked contrast to 
the previous case where flux could be increased with- 
out hmlt by a favorably directed membrane potential. 

Case 3. 7? = 1/2, i.e. the transition C, ~ C2 occurs 
at the mid point of  the transmembrane electrical 
potential difference. With this assumption 

e--(zS+ZA)U/2 
j ~ 2  = 2]~-+2 ( eeul2 + e -eul2) 

(Note that in this case f 1--+2 does not depend on the 
sign of/3). The effect of  changing/3 when 7/= 1/2 is 
illustrated in Fig. 3. It is clear that/3 = 0 is the most 
favorable arrangement for coupling the electrical 
potential difference to the substrate flux. Neverthe- 
less, for typical physiological values of  Aft ( " - -50  
mV) we have u =FAt~/RT~-- -2  and it can be seen 
from Fig. 3 that for/3 values substantially different 
from zero this coupling can also be quite effective. 

Case 4. z s + z A = 0 1.e., a complete cycle of  the 
transporter results m no net transfer of electrical 
charge across the membrane With this assumption 

Js 

JU 
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1 0  

/;/'(ZA 4 Zsl 2 
/ / / / /  

/ . - "  050 
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Ftg. 3. The dependence of j ~ 2  on membrane potentml for 
various values of t3, the effective charge of the transporter 
(see text for details). 
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./1"-+2 = f ~ 2  2e-t3r~u 
1 + e -~u 

This example has been Included to demonstrate the 
interesting fact that even when the net transport pro- 
cess IS electroneutral a membrane potential can still 
result in stimulation or reduction of  flux provided 

/3:g0 

Concluding remarks 

In this paper the kinetic properties of  a family of  
cotransport models of  the carrier type have been 
studied in some detail. A number of  tests of the 
models have also been discussed. Using these the 
interested investigator should be able to test the 
appliablhty of  a gwen model to his/her own experv 
mental system In contrast to many earlier treatments 
no assumptions regarding the symmetry of  the trans- 
porter or lack of mobility of partially loaded forms of  
the carrier have been made and a variety of  experi- 
mental conditions have been analyzed In addition, it 
has been shown that the flux equations can be 
written in terms of  a set of  model dependent con- 
stants with well defined kinetic interpretations. (cf. 
Eqns 11-18  and Table II). It has also been demon- 
strated that the effects of  transmembrane electrical 
potentials can be Incorporated into the flux equations 
m a straightforward way, however, owing to the num- 
ber of  as yet untested assumptions which must be 
made in order to do so, considerable caution ts 
required in the interpretation of  experimental results 

The analysis of  carrier models given m this paper is 
complimentary to the work of Heinz et al [9] and 
Geck and Heinz [11] who concentrate on the syste- 
matlcs of  energetm couphng of  substrate flux to the 
activator electrochemical gradient using several 
variants of  the 'random model' treated here. As an 
extension of the work of these authors it is emphas- 
ized in the present paper and m Ref. 16 that the usual 
mterpretation of  the parameter/3 as the charge on the 
free carrier can be generalized to apply to non- 
mobde-type mechanisms using the concept of  'effec- 
twe charge'. 
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