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A new method is described for determining the sidedness of action of nonpolar inhibitors that rapidly diffuse through 
the lipid bilayer and could therefore interact with the carrier on both sides of the membrane. Sidedness is deduced from 
the effect of the inhibitor on the flux ratio for the substrate (the ratio of the rates of exchange and net transport). The 
advantages of the method are that the experimental measurements are made after the inhibitor has equilibrated rather 
than in the brief period when it is present on only one side of the membrane, and that any reversible inhibitor can be 
tested, whether the inhibition mechanism is competitive, noncompetitive, uncompetitive, or mixed. 

Introduction 

The inhibition of membrane transport is complicated 
by factors that do not ordinarily enter into the inhibi- 
tion of enzyme-catalyzed reactions, and therefore the 
kinetics of the two types of system have to be treated 
separately. The complications derive from the vectorial 
nature of transport  and associated asymmetries in the 
carrier system [1]. Under  non-equilibrium conditions, 
the substrate gradient and the resulting net flow of 
substrate from one side of the membrane to the other 
creates an element of spatial asymmetry; aside from 
this, asymmetry could pre-exist in the structure of the 
t ransmembrane carrier protein and in the mechanism of 
transport, or it could be imposed, by having the inhibi- 
tor on only one side of the membrane.  Depending on 
the circumstances, an inhibitor might attack one asym- 
metrical carrier conformation, or a limited region of the 
transport protein accessible from only one compart-  
ment, or a step in translocation occurring at one surface 
of the membrane. As a result, the inward and outward 
transport of the substrate could be inhibited in different 
ways. Asymmetrically-acting inhibitors are of interest 
because they can be used to probe the transport mecha- 
nism, for example the involvement of separate inward- 
facing and outward-facing carrier conformations in 
translocation [2,3], or the function of defined regions of 
the carrier and individual amino acid side chains [4-7]. 
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The problem of asymmetrical inhibition is most easily 
grasped in terms of the carrier model. According to this 
model, the carrier exists in two main conformations, 
inward-facing, with the substrate site exposed inside the 
cell, and outward-facing, with the site exposed outside. 
An inhibitor may be able to add to one or both these 
forms, depending on its location inside or outside the 
cell and depending also on the location of inhibitor 
binding sites in relation to the substrate site, the plane 
of the membrane,  and the carrier conformation. If, for 
whatever reason, the inhibitor binds to only one carrier 
form, then the inhibition is asymmetric, with predict- 
able consequences for the distribution of the carrier 
between the two forms, and also for the kinetics of 
transport. 

Another  point needs to be made concerning the site 
of inhibition. Because carriers are integral membrane 
proteins, spanning the membrane and exposed on both 
sides, an inhibitor could conceivably add to one particu- 
lar conformation, the outward-facing ca r i e r  for exam- 
ple, either from the same compar tment  as the substrate 
(outside) or from the opposite compartment  (inside), 
depending on whether the inhibition site is located on 
the same surface of the membrane as the exposed 
substrate site, or on the opposite surface. The kinetics 
of inhibition can tell us which cartier form the inhibitor 
attacks - outward-facing or inward-facing - but not the 
location of the inhibitor binding site. Other information 
is required to decide this point. For the sake of brevity, 
one often speaks of binding 'outside'  as if it meant 
binding to the outward-facing carrier, but the distinc- 
tion should be kept in mind. 
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Under the conditions of an experiment, the possibil- 
ity of an inhibitor attacking the transport system from 
both sides of the membrane may depend on its ability 
to diffuse across the lipid bilayer in a short period of 
time. Inhibitors that are highly polar molecules, unable 
to penetrate the cell membrane, are normally confined 
to one compartment and would approach the carrier 
from one side, while lipid-soluble molecules, which dif- 
fuse across the lipid bilayer, could approach the carrier 
from both sides. In either case, the problem would be to 
determine which carrier form the inhibitor acts upon 
and which step in translocation it blocks. In the follow- 
ing discussion we consider the general case of penetrat- 
ing inhibitors, though the conclusions apply equally to 
non-penetrating inhibitors. 

One way of proceeding, the first to be worked out, is 
to place the inhibitor in either the inner or outer com- 
partment, and to determine its effect before it has had 
time to equilibrate across the membrane. The difficulty 
is that diffusion rates for the inhibitor must be known, 
and that the rates of substrate transport must be mea- 
sured in times far shorter than those required for equi- 
libration of the inhibitor across the membrane. The 
advantage is that both competitive and noncompetitive 
inhibitors can be tested. This method, useful where 
equilibration is not too rapid, was employed by Baker 
and Widdas [8] in studies of the inhibition of glucose 
transport in erythrocytes by the amphipathic substrate 
analog, ethylidene glucose, which slowly enters the cell 
by simple diffusion through the lipid bilayer, indepen- 
dent of the carrier. Later, the method was applied by 
Barnett and co-workers [9] to other amphipathic glucose 
analogs. The analogs, which are bound at the substrate 
site in competition with glucose but are not transported, 
added preferentially on either the inner or outer surface 
of the membrane, depending on their structure. It fol- 
lowed that the configuration of the substrate site ex- 
posed inside and outside differs, an important finding 
for an understanding of the carrier mechanism. The 
same approach was recently taken in studies of the 
inhibition of anion exchange in red cells by phloretin 
[10], though here the technical difficulties are more 
severe, owing to rapid diffusion across the cell mem- 
brane of the highly nonpolar inhibitor molecule. 

Another approach, developed for the case of cyto- 
chalasin B inhibition of glucose transport [11-13], has 
the advantage of depending on rate measurements made 
after the inhibitor has equilibrated rather than before. 
The limitation of the method is that it does not apply to 
noncompetitive inhibitors. Here, the sidedness of action 
of a competitive inhibitor is deduced from its differing 
effects on substrate entry and substrate exit. A substrate 
in one compartment, binding to the same carrier site in 
the same carrier form as the inhibitor, can overcome the 
inhibition, while a substrate in the opposite compart- 
ment, binding to the opposite carrier form (to which we 
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suppose the inhibitor does not bind), does not overcome 
the inhibition. In an exit experiment, for example, where 
the substrate is inside the cell, the behavior will be 
competitive if the inhibitor binds exclusively to the 
inward-facing carrier; but in an entry experiment, with 
the substrate outside, the same competitive inhibitor 
will inhibit noncompetitively. Equilibrated cytochalasin 
B was shown, by means of such experiments, to add in 
competition with the substrate to the inward-facing 
glucose carrier; it did not add to the outward-facing 
form. Again, the findings demonstrate the existence of 
structural asymmetry in the transport protein with re- 
spect to the plane of the membrane. 

A somewhat different, but related, method was used 
in studies of the inhibition of choline transport in red 
cells by permeant substrate analogs. These analogs, 
which rapidly equilibrate across the lipid bilayer by 
simple diffusion, are bound at the carrier site but are 
not transported. The inhibition of exit of labeled choline 
was measured with ceils suspended in a medium con- 
taining either pure buffer or a solution of unlabeled 
choline at a high concentration. As the inhibition by an 
analog bound to the outward-facing carrier is di- 
minished through competition with unlabeled choline in 
the external compartment, while the inhibition by an 
analog bound to the inward-facing carrier is not, the 
sidedness of inhibitor binding could be deduced [14]. 

An entirely different approach, which does not de- 
pend on displacement of the inhibitor by the competing 
substrate and which therefore applies to both competi- 
tive and noncompetitive inhibitors, was introduced in 
studies of the same choline analogs [14]. Here, the effect 
of an inhibitor on the partition of the carrier between 
inward-facing and outward-facing forms was assayed 
with a chemical reagent, N-ethylmaleimide, that only 
reacts with the inward-facing form of the carrier. An 
inhibitor preferentially bound to one carrier form shifts 
the partition to favor that form, whether it binds at the 
substrate site or not. The results of the two methods, 
one dependent and one not dependent on competition 
between the substrate and inhibitor, were in agreement. 
As in the glucose system, striking differences were re- 
vealed in the specificity of the inner and outer transport 
sites. 

Among these approaches to the problem of an equi- 
librated inhibitor, only the last applies to both competi- 
tive and noncompetitive mechanisms, though here a 
special probe is needed to measure the partition of the 
carrier. We now describe a more convenient method, 
which involves the carrier partition and is therefore 
applicable to inhibitors of all types, but which requires 
the measurement of transport rates only, specifically, 
flux ratios for the substrate in the presence and absence 
of an equilibrated inhibitor. The method depends on the 
interrelationship between inhibition, substrate flux, and 
the carrier partition, in particular on the fact that an 
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asymmetrically bound inhibitor alters the carrier parti- 
tion, that the substrate can affect the inhibition by 
altering the carder partition, and that the flux ratio is 
responsive to the carrier partition. As the following 
kinetic analysis of these relationships shows, flux ratios 
provide a simple measure of the sidedness of inhibitor 
attack. Aside from its general applicability, the new 
method has several advantages over that involving in- 
hibition patterns in entry and exit experiments: (1) Flux 
may be determined in either entry or exit whereas both 
measurements were required before. (2) The radioactive 
substrate is used at a single low concentration rather 
than over a range of concentrations. (3) Conclusions 
may be drawn from only a few rate determinations. 

Kinetic theory 

The flux ratio (for exit) is the ratio of the unidirec- 
tional efflux of a low concentration of labeled substrate, 
either into a solution containing a high concentration of 
unlabeled substrate (an infinite-trans experiment) or 
into pure buffer (a zero-trans experiment). These two 
fluxes depend on different steps in the transport cycle 
and may therefore differ in magnitude. In a simple 
carrier mechanism (Fig. 1), transport involves the fol- 
lowing steps: substrate binding, translocation of the 
complex across the membrane, substrate dissociation, 
and return of the carrier to its initial position. The 
measured rate of transport is seen to depend on the rate 
of return of the carrier, which differs in the two experi- 
ments: in an infinite-trans experiment the carrier re- 
turns as the complex with unlabeled substrate, but in a 
zero-trans experiment as the free carrier. 

In the absence of an inhibitor the flux ratio for exit is 
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Fig. 1. Kinetic scheme for the simple carrier model, involving two 
substrates, S and T. The free carrier exists in two forms, outward-fac- 
hag (Co) and inward-facing (Ci). Substrates in the external solution 
form a complex with C O (CoS and COT), substrates in the internal 
solution with C i. The substrate dissociation constants for S and T are 
Kso and KTo on the outer face of the membrane and g s i  and KTi on 
the inner face, respectively. The rate constants for carrier reorienta- 

tion are fx, f -  1, f2, f -  2, f3 and f_ 3- 

given by the following expression [15] based on the 
carrier model (Fig. 1): 

(-~")Si-o (1+ ( f -  1/fl)) 
(1 + ( /_  1///3) ) (1) 

From Eqn. 1 it can be seen that where the external 
substrate T is rapidly transported, with the carrier com- 
plex more mobile than the free carrier (f3 >> f-1),  the 
flux ratio approaches (1 + ( f _  1//fl)),  which is equal to 2 
if the carrier is equally distributed between its two 
forms ([Co] / [ C i ]  = f_ 1 / f l  = 1). Where the external sub- 
strate is slowly transported and the mobility of the 
complex is low (f3 <<f- l ) ,  the flux ratio falls below 
unity (Eqn. 1). In an intermediate case, where the 
mobilities of the free carrier and the complex are identi- 
cal (f3 = fl), the flux ratio equals unity. The flux ratio is 
seen to depend on the substrate in the external solution, 
which may be the unlabeled form of the internal sub- 
strate, or another substrate. 

From the effect of an inhibitor on the flux ratio, it is 
possible to decide whether the site of action isi in the 
outward-facing or inward-facing carrier, or both. The 
predicted flux ratios can be found from equations for 
rates in the presence and absence of an inhibitor; the 
derivation is outlined in the Appendix. In the general 
case, where the inhibitor can add to both the free carrier 
and the carrier-substrate complex, the flux ratio for exit, 
( o T / ~ I  / Js~ ~o' is given by 

rT] I 6 T 1 + ([Io]/K[o) + ( [ l i ] /K, i )  
(2) 

where [Io] and [Ii] are the external and internal inhibi- 
tor concentrations. The inhibitor half-saturation con- 
stants are 

/~Io = K,o(1 + ( f l / f - l ) )  (3) 

K'li = Kn(1 + ( f -  1 / f l ) )  (4) 

k~o,o = K¢o~oO + ( / J  f - , ) )  (5) 

/(1T = Kli(1 + (f-l/f3)) (6) 

Kio  and Kli  a r e  the inhibitor dissociation constants for 
the external and internal free carrier, respectively, and 
KToio the inhibitor dissociation constant for the exter- 
nal carrier-substrate complex (Fig. 2). With a noncom- 
petitive inhibitor, which does not affect substrate bind- 
ing, KTolo = Kio;  with a competitive inhibitor, which 
does, KToio is extremely large, and the term [Io]/KToio 
drops out of Eqn. 2. Thus, the form of the equations, 
and the predicted effect of an inhibitor on the flux 
ratio, depends on the mechanism of inhibition. 
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Fig. 2. Transport scheme for two substrates, S and T, in the presence 
of a noncompetitive'inhibitor, I. In purely competitive inhibition the 
ternary complexes CoSI, C i S I  , e tc .  are not formed (KTi l i  , Ksolo  , and 

gsili approach infinity). 

Flux  ratios in the presence o f  an inhibitor 

(a) Noncompet i t ive  inhibitors 

(i) The  i n h i b i t o r  b i n d s  to the  ex te rna l  car r ie r  f o r m  

o n l y  ( K  n ~ oo). T h e  f lux ra t io  a p p r o a c h e s  a l imi t  as the  
i n h i b i t o r  c o n c e n t r a t i o n  is raised.  Th i s  l imi t  is f o u n d  b y  

s u b s t i t u t i o n  of  Eqns .  1, 3 a n d  5 i n t o  Eqns .  2: 

(ii) The  i n h i b i t o r  b i n d s  to the  i n t e r n a l  carr ier  f o r m  

o n l y  (Kio  a n d  KToio ~ oo). Th e  l im i t i ng  va lue  of  the  
f lux ra t io  a t  i nc reas ing  i n h i b i t o r  c o n c e n t r a t i o n s  is f o u n d  
b y  s u b s t i t u t i o n  of  Eqns .  1, 3 a n d  4 i n t o  Eqn .  2: 

~T [~oo 
(8, 
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(iii) T h e  i n h i b i t o r  b i n d s  equa l ly  to the two car r ie r  

fo rms  ( K l o  = Ki i  = KTolo ). The  b r a c k e t e d  express ion  in  
i n h i b i t o r  c o n c e n t r a t i o n  in  Eqn .  2 is n o w  equa l  to u n i t y  

at  all  i n h i b i t o r  c o n c e n t r a t i o n s .  I t  fol lows tha t  the  i nh ib i -  
tor  does  n o t  c h a n g e  the  f lux rat io.  

(iv) The  i n h i b i t o r  b i n d s  p r e d o m i n a n t l y  b u t  n o t  exclu-  

sively to one  car r ie r  form.  I f  the  ra t io  of  aff in i t ies  o n  the 

two sides is Kl i / /Klo  = fl, the  l im i t i ng  va lue  of  the  f lux 
ra t io  reduces  to: 

~T I ~  

l + B ( f - , / f 3 )  (9) 

(b) Compet i t ive  inhibitors 

W i t h  a compe t i t i ve  inh ib i to r ,  as n o t e d  above,  KTolo 
---) oo, a n d  the  t e r m  [Io] /KToio in  Eqn .  2 d i sappears .  

(i) The  i n h i b i t o r  b i n d s  to the  ex te rna l  carr ier  fo rm 

o n l y  ( K l i  ---) ~ ) .  T h e  f lux ra t io  is f o u n d  to d e p e n d  o n  
the  i n h i b i t o r  c o n c e n t r a t i o n :  

5T~ I = (~T~ (1 + [Io]/h'Io } 
# /S~o \ v /S~_o ~ 

(10) 

There fo re  the  f lux ra t io  rises w i t h o u t  h m i t  as the  i nh ib i -  
tor  c o n c e n t r a t i o n  increases :  

~T I~°°  

(ii) The  i n h i b i t o r  b i n d s  to the  i n t e r n a l  carr ier  fo rm 
o n l y  ( K i o - - )  oo). T h e  b e h a v i o u r  is the  s ame  as wi th  a 

n o n c o m p e t i t i v e  inh ib i to r ,  w i th  the  f lux ra t io  a p p r o a c h -  
ing  u n i t y  (see Eqn .  8). 

TABLE I 

The sidedness of inhibitor binding in relation to effects on the flux ratio for exit a 

In the presence of an inhibitor, there is either an increase (1") a decrease (J,), no change (-), or little change ( -- ), in the flux ratio. The limiting 
value of the flux ratio at high inhibitor concentrations is given. Predictions are shown for noncompetitive, competitive, and uncompetitive 
inhibitors bound to either the outward-facing carrier, the inward-facing carrier, or both. The behaviour depends on the control flux ratio, which 
may be greater than, less than, or equal to, unity. 

Control Effect of an 
flux ratio inhibitor on 
(F )  the flux ratio 

Noncompetitive inhibitor Competitive inhibitor Uncompetitive inhibitor 

out in both out in both out in both 

F > 1 Direction of change 1' j, _ 1, ~ = b j, J, ,L 
Limiting value > 1 1 oo 1 > 1 0 1 0 

F = 1 Direction of change - - - T - ? $ - 

Limiting value a¢ > 1 0 1 0 
F < 1 Direction of change ~ 1' - 1" 1" 1" J, '~ 

Limiting value < 1 1 oo 1 > 1 0 1 0 

a By interchanging the ' in'  and 'out' columns, the table may be used to interpret experiments on the flux ratio for entry. 
b The control flux ratio is equal to (1 = (f_ 1/f]))/(1 + ( f_  1 If3 )) and the limiting value of the flux ratio in the presence of inhibitor is 1 + ( f_ 1 If1) 

(see Eqns. 1 and 13). When the control flux ratio is greater than unity, f3 must be greater than f - l ,  and therefore the control flux ratio and that 
in the presence of the inhibitor have similar values. 
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(iii) The inhibitor is bound equally to the two carrier 
forms (K~o= Kn). The flux ratio approaches a limit 
given by: 

(12) 

(iv) The inhibitor is bound predominantly but not 
exclusively to one cartier form. With a ratio of affinities 
of Kti//Klo = t ,  the limiting value of the flux ratio is: 

(13) 

The results of the analysis are summarized in Table I, 
which serves as a guide in interpreting the experimental 
results. For the sake of completeness, uncompetitive 
inhibition is included, though it is rarely encountered; 
the case of an uncompetitive inhibitor, which adds to 
the carrier-substrate complex but not the free carrier, is 
treated in the Appendix. The following discussion deals 
mainly with competitive and noncompetitive inhibition. 

How inhibitors alter the flux ratio 
The flux ratio (the ratio of infinite-trans to zero-trans 

flux) changes when the inhibitor has different effects on 
transport into a medium containing, or not containing, 
unlabeled substrate at a high concentration. A substrate 
in the external medium could alter the degree of inhibi- 
tion by shifting the distribution of the cartier between 
inner and outer forms, which may have a different 
sensitivity to the inhibitor. In addition, the substrate 
could weaken the inhibition by displacing a competitive 
inhibitor from its binding site, or could strengthen the 
inhibition by enabling an uncompetitive inhibitor to 
add to the carrier. 

With regard to the carrier partition, substrates can be 
divided into three groups, depending on the flux ratio in 
their presence: 

(a) Substrates with a flux ratio greater than one. Here 
the carrier-substrate complex is more mobile than the 
free carrier (f3 > f l ;  Eqn. 1), and substrate in the exter- 
nal solution therefore increases the steady-state con- 
centration of the inward-facing cartier and decreases 
that of the outward-facing carrier (see Fig. 1). Hence, an 
inhibitor that binds to the outward-facing carrier is less 
effective in the presence of the substrate, less of the 
carrier being available to form the complex. Infinite- 
trans flux is then less inhibited than zero-trans flux, and 
the flux ratio increases. On the other hand, an inhibitor 
that binds to the inward-facing carrier, being more 
effective in the presence of the substrate, causes the flux 
ratio to decrease. An inhibitor bound equally to the two 
carrier forms affects the two rates equally and leaves the 
ratio unchanged. While these effects do not depend on 
whether the inhibition is competitive, noncompetitive, 

or uncompetitive, any direct interaction between the 
substrate and inhibitor would by itself shift the flux 
ratio. Thus a substrate could diminish competitive in- 
hibition, and increase the flux ratio, in two ways: by 
directly displacing the inhibitor from the binding site, 
and by shifting the carrier partition toward the opposite 
compartment. 

(b) Substrates with a flux ratio equal to one. Because 
the free carrier moves at the same rate as the complex 
(Eqn. 1), the substrate has no effect on the carrier 
distribution. Here, a noncompetitive inhibitor would 
leave the flux ratio unchanged. A competitive inhibitor 
in the same compartment as the substrate would alter 
the flux ratio, but a competitive inhibitor in the oppo- 
site compartment would not. 

(c) Substrates with a flux ratio smaller than one. 
Inward movement of the carrier-substrate complex (./3) 
is slower here than that of the free cartier ( f  1), and the 
carrier shifts outward. The effect of the substrate now 
depends on the inhibition mechanism. If it is noncom- 
petitive, the outward shift of the carrier reinforces the 
effect of an externally bound inhibitor, but protects 
against an internally bound inhibitor, and has no effect 
on a symmetrically bound inhibitor. If the mechanism is 
competitive, the substrate protects against an externally 
bound inhibitor, by displacing it from the external site, 
and also protects against an internally bound inhibitor, 
by drawing the carrier to the outside. 

The choice of substrate in the trans compartment 
It can be seen from Table I that with competitive and 

noncompetitive inhibitors the most convenient experi- 
mental design involves the use in the external medium 
of a good substrate, that is, a substrate with a flux ratio 
greater than unity. With such a substrate the flux ratio 
increases if the inhibitor binds 'outside' (strictly speak- 
ing, to the outward-facing cartier), decreases if it binds 
'inside' (that is, to the inward-facing cartier), and is 
unchanged if it binds equally to both. Because the 
predictions are simple, the sidedness of inhibition can 
be deduced from measurements at a single inhibitor 
concentration. 

If the flux ratio for the substrate is equal to unity, the 
method works with competitive but not noncompetitive 
inhibitors. With competitive inhibitors, exclusive bind- 
ing to the inner carrier form can be distinguished at a 
single inhibitor concentration from binding outside (Ta- 
ble I). Exclusive binding outside is distinguished from 
binding on both sides at varying inhibitor concentra- 
tions. If the inhibitor only binds outside the flux ratio 
increases linearly with its concentration (Eqn. 11), 
whereas if it binds on both sides the flux ratio rises to a 
limit. This limit depends on the equilibrium distribution 
of the free carrier between outward-facing and inward- 
facing forms, [Co]/[Ci]; with the proportions equal, the 
limiting value is 2 (Eqn. 12). 



If the flux ratio for the substrate is less than unity, a 
single inhibitor concentration suffices with a noncompe- 
titive inhibitor. With a competitive inhibitor, sidedness 
is revealed by the concentration dependence of the flux 
ratio: exclusive binding outside gives rise to a linear 
relationship between the flux ratio and the inhibitor 
concentration, exclusive binding inside to a limiting 
value of unity, and binding on both sides to a limiting 
value greater than unity. 

Flux ratios for entry 
The above analysis applies specifically to exit experi- 

ments, but the conclusions can easily be adapted to flux 
ratios for entry. The same table (Table I) may be 
consulted in interpreting exit experiments, provided the 
column marked 'In' and 'Out' are interchanged. 

Application of the method 
The method of flux ratios is applied in the following 

paper to a series of noncompetitive inhibitors of 
erythrocyte choline transport. Here we apply the method 
to competitive inhibitors of the same system. Flux ratios 
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for choline exit in the presence of various substrate 
analogs, calculated from previously published data [14], 
are listed in Table II. The analogs are tertiary amines 
which, in their unprotonated, uncharged form, rapidly 
migrate across the cell membrane and are therefore 
present both outside and inside the cell. In the proto- 
nated, cationic form the amines add to the carrier site in 
competition with the substrate, but being larger than 
choline, do not undergo transport. The reference point 
for an analog bound only to an outward-facing carrier 
site is set by the quaternary ammonium compound, 
dimethyl-n-decyl(2-hydroxyethyl)ammonium bromide, 
which cannot diffuse across the cell membrane and is 
therefore restricted to the external solution. One of the 
tertiary amines, N,N-dipropylaminoethanol, shown in 
other experiments to bind almost exclusively to 
inward-facing carrier sites, serves as a reference point 
for internal binding. As expected, the flux ratio is much 
increased in the presence of the quaternary ammonium 
ion and much decreased in the presence of dipropyla- 
minoethanol. Among the tertiary amines as a whole, 
one group increases the flux ratio, indicating a prefer- 

TABLE II 

Changes in the flux ratio for choline transport in the presence of equilibrated inhibitors 

The inhibitors are tertiary amines, analogs of choline that compete for the substrate site. The reference for solely external binding is the 
non-permeant quaternary ammonium compound, dimethyl-n-decyl-2-hydroxyethylammonium ion. In the experiments [14], rates of exit of 
[14C]choline (4.9 #M) from human erythrocytes were measured in the presence and absence of an inhibitor, with or without unlabeled choline (550 
/~M) in the external medium; the medium was isotonic NaC1 buffered with 5 mM sodium phosphate (pH 6.8). 

Inhibitor Inhibitor concentration (mM) %Inhibition Flux ratio 

external internal (zero-trans) control + inhibitor 
+ 

(CH3) 2-N-C2H4OH 0.033 0 44 1.92 3.39 
b 

(CH2)9CH3 

(CH3)2-I~ ~ 
H 

O 
+ Ib f ' - ~  

( C H 3 )  2 - N -  C 2 H , C - ~ _ ~  

( C H 3 ) 2 - N - C H  2 
H ~ 

+ 
(CH3)2-N-(CH2)llCH3 

H 

+ 
(CH3)2-N-C3HrC1 

H 

+ 
(CH3) 2-N-C3HrOH 

H 

+ 
(C2H5)2-N-C2H4OH 

H 

1.46 1.46 48 1.92 2.98 

0.97 0.97 55 1.94 3.15 

1.22 1.22 47 1.95 2.71 

0.039 0.039 39 1.93 2.91 

13.1 13.1 61 1.96 1.66 

0.44 0.44 48 1.87 1.00 

0.23 0.23 53 1.87 1.1'7 

+ 
(C3H7) 2-N-C2HaOH 1.50 1.50 70 1.90 1.16 

H 
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ence for the outer carrier site, and the other group 
decreases the flux ratio, indicating a preference for the 
inner site. These conclusions agree with other observa- 
tions on the system [14]. 

Appendix 

I. Flux ratios in the presence of competitive and noncom- 
petitive inhibitors 

The effect of an inhibitor on zero-trans and infinite- 
trans efflux is found by substitution into the general 
rate equation for transport of substrate S in the pres- 
ence of a reversible inhibitor I and a second substrate T 
(Fig. 2), which was derived earlier [15]. 

(1) Zero-trans exit 
With a low initial concentration of labeled substrate 

inside the cell ([Si]/Ksi << 1), the rate of exit is: 

Vsi [ Si ] / g s i  
Os, _o = 1 + ([Ll/glo) + ([Ii]/g~i) (A-I) 

(2) Infinite-trans exit 
The labeled substrate, present at a low concentration 

([Si]//(s~<< 1), exits into a medium containing a 
saturating concentration of unlabeled substrate T: 

"T "T Vsi [Si]/Ksi 
g,-o 1 + ([io]/gTo,o) + ([Ii]/RT) 

(A-2) 

All the constants in Eqns. A-1 and A-2 are experi- 
mental parameters: V is a maximum transport rate and 
K a half saturation constant. The type of experiment is 
indicated by subscripts and superscripts attached to 
each constant. Subscripts designate the substrate or 
inhibitor involved (S, T or I) and also its location either 
inside or outside the cell (i or o). Superscripts specify 
the condition of the experiment, either zero-trans (' '), 
with no substrate in the opposite compartment, or in- 
finite-trans (' '), with a saturating concentration of sub- 
strate T in the opposite compartment. For example, Vsi 
is the maximum rate of exit of S in a zero-trans experi- 
ment, and l,Tsi v is the maximum rate of exit of S in an 
infinite-trans experiment. Expressions for the inhibitor 
half-saturation constants, in terms of rate constants for 
carrier reorientation ( f  l, f - l ,  f2, etc. in Fig. 2), were 
given above (Eqns. 3-6), and expressions for the other 
parameters in Ref. 15. 

The dependence of the flux ratio on the inhibitor 
concentration is found by dividing Eqn. A-2 by Eqn. 
A-l:  

( ~ ) S  i_ o -- I'~siTK--si - Vsi/~ T { l~~~)l+([I°]/K'°)+(lIi]/Kli) } (A-3) 

T h e  expression ~ T- -  - -  ~T VsiKsi/(VsiKsi ) was previously shown 
to be equal to the control flux ratio, (rT/~)S,_o; hence 
Eqn. A-3 is equivalent to Eqn. 2 above. 

11. Flux ratios in the presence of uncompetitive inhibitors 
An uncompetitive inhibitor is one that binds to the 

carrier-substrate complex but not the free carrier: in 
terms of the scheme in Fig. 2 the constants for addition 
of inhibitor to the free carrier (Kio and Kli ) approach 
infinity. In order to treat this case, the rate equations 
have to be rewritten in a more general form, for it is no 
longer permissible to assume that terms in [Ii]. [Si] are 
negligible. 

(1) Zero-trans exit 

= { Vsi[Si]fgsi  ) 

×{1+ ([lo1/£1o) + ([Ii]/K'ii) + 

([Si ]/Ksi )[1 + ([Io l//~so) + ([I i l/Ksm )] } -1 (A-4) 

All the inhibition constants in Eqn. A-4 are already 
defined except Ksili , which is given by 

Ksili = Ksili(1 + (f-2/fl)) (A-5) 

(2) Infinite-trans exit 

( cg[Sil/&  ) 

X { 1 + ([Iol/KTo,o) + ([Ii ] /K T) + 

([Sil/gs~) [1 + ([Iol/KSolo) + ([Ii]/gs~n)] } --1 (A-6) 

where 

Ksil i-v = gsiii( 1 + ( f -2/ f3))  (A-7) 

Rio, KIi, /('So, and ~T Kli, the experimental half-saturation 
constants dependent on Kii and Kio, which govern 
addition of the inhibitor to the free carrier, approach 
infinity in the case of a purely uncompetitive inhibitor, 
by definition, and therefore drop out of the rate equa- 
tions. The flux ratio (Eqn. A-6 divided by Eqn. A-4) 
now reduces to: 

= (-~)Si__o { 1 +  ([Si ] / /gs i )  [ I  + ( [ I i ] / g s i I i )  ] ) 

× { 1+ ([IoJ/e o,o) + (ts, l/gs ) 

× D + ([Iol/RSo,o) + ([Id/R~,,)] } - '  (A-8) 

(a) The inhibitor binds to the external carrier form 
only (Ksili ~ ~ ) :  

=(T)s KTo,Oiio,  A9> 



The flux ratio is seen to fall to zero at high inhibitor 
concentrations. 

(b) The inhibitor binds to the internal carrier form 
only (KTolo ---' OO). At high inhibitor concentrations the 
flux ratio approaches a limit: 

~T) l~°° ([~T / ( K'T" ' g'Tli / 
~-/Si~o = \'-~-/Si~ot KSi'gSilij 

(A-IO) 

Eqn. A-10 is equal to unity, as may be shown by 
substitution of the half-saturation constants for the 
inhibitor (Eqns. A-5 and A-7) and for the substrate: 

K'Si = gs i ( f l  + f - 1 ) / ( f l  + f -2 )  (A-11) 

/~T = Ksi(f_ 1 + f 3 ) / ( f - 2  + f3) (A-12) 

(c) The inhibitor binds equally to the two carrier 
fo r lns  (gs i l i  = gTolo  ). Because  [Si]//Z~si << 1, E q n .  A-8  
reduces to Eqn. A-9 and the result is the same as with 
an inhibitor bound exclusively outside. 
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