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Abstract. An ion/proton counterport is formed simply by 
locating a chain of ionizable residues connected by a pro- 
ton conducting path near a passive ion pore which spans 
the membrane. The electric coupling between the ion in 
transit through the pore and the residues can ensure that 
for each ion passing through the pore in one direction a 
proton is driven along the chain of ionizable residues (the 
proton ladder) in the same or in the opposite direction. 
The mechanism is symmetrical in that a trans-membrane 
ion gradient may drive protons against their electro- 
chemical potential gradient or a proton gradient may 
drive ions against theirs. The mechanism is applicable to 
cation or anion channels and to coports or counterports. 
No mechanical motion is required other than the motion 
of the ions and the protons. Monte Carlo computer sim- 
ulations are performed on the model and its predicted 
properties are listed. The new type of counterport model 
is compared with currently used models. 
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Introduction 

Ion/proton counterports and coports form an essential 
component of living cells which allows them to convert a 
proton gradient into an ion gradient and vice versa 
(Mitchell 1985). Examples are the Na+/H + counterport 
found in many preparations (Grinstein and Rothstein 
1986), the K+/H + counterport in mitochondria (Bernardi 
and Azzone 1983) or the K+/H + coport in Neurospora 
(Blatt and Slayman 1987). Probably because of the 1:1 
stoichiometry found experimentally, the models used to 
represent coports and counterports have usually been 
binding cavities which are exposed first to one side of the 
membrane and then the other (Jardetsky 1966; Vidavar 
1966) or shuttling ionophores. Here we show that a coun- 
terport may be realized without any mechanical motion 

Offprint requests to: D. T. Edmonds 

simply by locating a chain of ionizable acid residues con- 
nected by a proton conducting path near a passive cation 
pore. The electrostatic coupling between the residues and 
ions in the pore will ensure that for each ion that passes 
through the pore in one direction, a proton is driven 
along the chain of sites (the proton ladder) in an anti-par- 
allel direction. The system is symmetric in that a trans- 
membrane ion gradient may drive protons against their 
electro-chemical potential gradient or a proton gradient 
may drive ions against theirs. The mechanism is applica- 
ble to cation or anion pores and to coports or counter- 
port but for definiteness only a cation/proton counter- 
port will be discussed here. 

The mechanism 

The mechanism is most simply understood by consider- 
ing a short cation channel spanning a membrane with 
two acid residues in its vicinity as sketched in Fig. 1 a. The 
residues are connected by a proton conducting path as 
indicated by the zig-zag line. The residues become nega- 
tively charged by losing a proton and neutral by binding 
one. The state of charge of the two residues may be repre- 
sented by (1, 0) when only the left-hand residue is charged, 
by (0, 1) when only the right-hand residue is charged and 
by (0, 0) and (1, 1) when neither or both are charged. The 
connections between the various possible states of the 
two residues are shown as a kinetic diagram in Fig. 1 b. 
The diagonal transitions require the exchange of a proton 
with the fluids bathing the membrane faces while the 
equatorial transition represents the direct transfer of a 
proton between the two residues. When an ion occupies 
the channel, the proton transition rate constants in this 
diagram will depend on its position because of the electric 
field of the ion at the two residues. 

In turn the energy profile of an ion traversing the chan- 
nel will depend upon the state of charge of the residues 
and in Fig. l c are sketched these energy profiles for the 4 
residue charge states. The major barrier for a small ion 
entering a narrow channel is the steep rise in electrostatic 
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Fig. 1. a A sketch of two acid residues $1 and S2 situated near a 
trans-membrane ion pore. b The kinetic diagram giving the various 
transitions between the four possible charged states of the two acid 
residues, c The energy profiles experienced by a univalent cation 
traversing the channel in each of the four charged states of the acid 
residues, when no membrane voltage is applied. The ion energies are 
given relative to that in the aqueous fluid at either side of the 
channel 

self-energy relative to its hydrated state (Parsegian 1969). 
This barrier, shown for the state (0, 0) is sufficient to pre- 
vent ion entry. However in the state (1, 0), the favourable 
interaction between the negatively charged residue and 
the cation, ensures that the left hand end of the pore forms 
an attractive binding site for cations while the barrier at 
the right hand end ensures that no ion can traverse the 
channel. Similarly the residue state (0, 1) allows ion entry 
from the right but no traverse. 

To simulate a counterport  the state (1, 1) is made un- 
likely by placing the residues sufficiently close together so 
that the doubly charged state has a high energy (Ed- 
monds 1989). This effectively reduces Fig. I b to its upper 
triangle connecting the states (0, 0) to (1, 0) and (0, 1). By 
fixing the effective pK values of the residues to be greater 
than the prevailing pH, they rest predominantly in the 
state (0, 0) but with some probability of being in the states 
(1, 0) and (0, 1). Let us assume that, having rested in the 
state (0, 0), the channel state changes to (1, 0). In this state 
ion entry is possible from the left. Because of the electric 
interaction between the ion and the leftmost residue, this 
state is effectively locked-in. It will persist until the ion 
either leaves the channel on the left or moves toward the 
second residue. Such a move increases the probability of 
the state (0, 1) and the system may move toward another 
stable configuration with the ion in the right half of the 
channel and the site state (0, 1). This state is also locked-in 
until the ion moves back toward the first site or it leaves 

the channel on the right. If the ion leaves, the residue state 
is free to return to the resting state (0, 0). Such a sequence 
corresponds to traversing the upper triangle of Fig. 1 b in 
a counter-clockwise direction and results in the transfer of 
a single ion from the left to right and a single proton from 
right to left as required in a counterport.  

The channel may be made highly selective by adjusting 
the separation of the residues from the pore due to the 
steep dependence on ionic radius of the ionic electrostatic 
self-energy. As an example, consider the pore to be a 
single chain of water molecules of radius 0.14 nm. Larger 
ions are then excluded sterically. Let the residues be posi- 
tioned at a distance from the pore such that a K + ion 
(radius 0.13 rim) has its self-energy within the narrow pore 
just cancelled by the favourable interaction with the neg- 
atively charged residue as sketched in Fig. 1 c. Then 
smaller ions such as Na + (radius 0.095 nm) with a much 
larger self-energy will still be effectively excluded from the 
pore by the large energy barrier that remains even when 
the residue is charged. A sharp peak in probability of 
entry for cations of the target radius of 0.13 nm over that 
for cations of larger or smaller radius results. All anions 
of any radius will face a very high barrier to entry as the 
interaction with the acid residues adds to rather than 
subtracts from their self-energy while within the pore. 

Simulation 

These qualitative conclusions may be verified by a Monte 
Carlo computer simulation. To present it in its simplest 
form the continuous path of the ion may be replaced by 
5 steps labelled by NI in Fig. 2 a. Step 1 is in the left-hand 
fluid, step 5 in the right-hand fluid and steps 2, 3 and 4 
within the pore and equally spaced across the membrane. 
The two acid residues within the membrane were as- 
sumed to have pK = 8.5 in the absence of applied voltages. 
They could consist of glutamic acid residues with their 
pK raised by 3 units owing to the low electrical polariz- 
ability of their surroundings when buried in the mem- 
brane (Edmonds 1989). They were disposed across the 
membrane such that 1/2 the membrane voltage was 
dropped between the two residues and 1/4 between each 
residue and the neighbouring membrane face. The electri- 
cal interaction energies between ion and residues may be 
written U (S1, $2, NI) where ($1, $2) gives the charged 
state of the residues as in the text and NI labels the ion 
step as in Fig. 2 a. The values used, expressed as multiples 
of kT are 

U ( I , 0 , 2 ) = U ( 0 , 1 , 4 ) = - 1 8 ;  U ( 0 , 1 , 2 ) = U ( 1 , 0 , 4 ) = - 5  
U ( a , 0 , 3 ) = U ( 0 , 1 , 3 ) = - 1 5  

The self energy of the ions was assumed to be + 15 and 
the interaction energy between the residues when both 
are charged was taken as + 15. The counterport  action 
does not depend critically on these parameters provided 
that the residue state (1, 0) allows easy ion entry from the 
left with no direct transfer while (0, 1) allows entry from 
the right with no transfer. Treating the membrane as a 
dielectric slab of width 12 ~ would mean that the residues 
are situated about 6 ~ from the channel thus allowing the 
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Fig. 2. a A simplified picture of the channel for easy computer sim- 
ulation in which the continuous motion of the ion through the pore 
is broken into 5 discrete steps labelled by NI. b Prediction of the 
model for the left to right ion (o) and proton (n) fluxes in the absence 
of either an ion or a proton gradient across the membrane. The 
membrane voltage is the voltage on the left of the membrane less 
that on the right. The fluxes are those obtained for 106 ticks of the 
clock when averaged over J0 v clock ticks. The number of ions 
moving down the membrane field gradient slightly exceeds the num- 
ber of protons driven against the gradient so that the total energy 
falls, e A plot on a logarithmic scale of the ratio (ion flux left to 
right)/(ion flux right to left) as a function of membrane voltage in the 
absence of ion or proton gradients. The broken line gives the flux 
ratio expected for independent ion motion, namely exp (q - Vm/kT ) 
where q is the ion charge, V,, the membrane voltage, k the Boltz- 
mann constant and T=293 K, the temperature 
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Fig. 3. a The proton flux from right to left in 106 clock ticks driven 
by a left to right ion concentration gradient of 100 : J (o) and 10 : 1 
(n) with pH = 7 at both faces. At all positive membrane voltages, the 
protons are moving against their electro-chemical potential gradi- 
ent. The broken line gives the equivalent proton flux for an ion 
gradient of 100 : 1 but when the protons are moving against a left to 
right proton gradient of 10:1 (pH=6.5 : pH=7.5), b The ratio of 
proton flux right to left to ion flux left to right when there is no 
proton gradient but an ion gradient left to right of 100 : 1 (o) and 
10 : 1 (n). In both cases the stoichiometry is seen to remain slightly 
less than 1 with little dependence of the membrane voltage. All the 
model parameters remain as for Fig. 2 

channe l  and  sites to be s epa ra t ed  by  the d i ame te r  of  an 
a lpha-hel ix .  

P r o t o n  kinet ics  are  a s sumed  fast so tha t  for each ion  
pos i t ion ,  the o c c u p a t i o n  p robab i l i t i e s  of  the var ious  
res idue states  in Fig. 1 b r ap id ly  reach a s teady  s tate  
which m a y  be found  ana ly t i ca l ly  using pa r t i a l  d i ag rams  
(Hill 1966). W i t h  this knowledge ,  at  each t ick of  the clock,  
a r a n d o m  n u m b e r  gene ra to r  is consu l ted  to de te rmine  the 
ac tua l  cha rged  state of  the residues. K n o w i n g  this and  the 
in te rac t ion  energies,  the p robab i l i t i e s  of ion  e n t r y  or  
m o v e m e n t  in the channe l  are k n o w n  and  then the ac tua l  
move  is dec ided  by  aga in  consu l t ing  the r a n d o m  n u m b e r  
genera tor .  In  such a m o d e l  in which the res idues  and  ions  
interact ,  it is the to ta l  energy of  ion  plus residues in a 
given conf igura t ion  tha t  de te rmines  its p robab i l i ty .  A 
s imi lar  c o m p u t e r  s imu la t ion  for a pass ive  channe l  wi th  an 
ad jacen t  swi tchable  res idue has  been descr ibed  before 
( E d m o n d s  1989). 

Results 

Figure  2 b shows the t ight  coupl ing  be tween the ion  and  
p r o t o n  fluxes in response  to a t r a n s - m e m b r a n e  vo l tage  
when there are no ion  or  p r o t o n  grad ien t s  across  the 
membrane .  Here  the ma in  dr iv ing  force is the  m e m b r a n e  
field ac t ing  on the ion  as it  moves  be tween  the sites, thus  
a l lowing  a change  in the res idue state. F igu re  2c  com-  
pares  the ra t io  of  the ca lcu la ted  un id i rec t iona l  ion  fluxes 
with the flux ra t io  expected for i ndependen t  ion  mot ion .  
A flux ra t io  close to 1 such as this is often t aken  as exper-  
imen ta l  evidence of a carr ier  r a the r  than  a pore.  

F igu re  3 a i l lus t ra tes  the ac t ion  of  the m o d e l  counte r -  
p o r t  in using a f avourab le  ion  g rad ien t  to dr ive  p r o t o n s  
aga ins t  their  e lec t ro-chemica l  g rad ien t  while Fig. 4 a  
shows the same c o u n t e r p o r t  ac t ing  in reverse, using a 
p r o t o n  g rad ien t  to dr ive  ions  aga ins t  thei r  e lec t ro-chemi-  
cal gradient .  F igu re  3 b and  4 b show tha t  the ra t io  (pro-  
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Fig. 4. a The same counterport operating in reverse with no ion 
gradient but with a left to right proton gradient of 100 : 1 (o) and 
10 : 1 (n) showing the flux of ions driven right to left in 106 clock 
ticks, b The ratio of proton flux to ion flux again shows a stoi- 
chiometry ratio close to 1 with little dependence on membrane 
voltage 

ton flux/ion flux) is a little less than 1 and hardly varies 
with membrane voltage. 

Comparison with previous models 

requiring alternating hydrophillic cavities. The shuttling 
ionophore does exist, for example as the bacterial antibi- 
otic valinomycin, but again the structure of the mem- 
brane phase does not support such a model as an ion 
counterport  or an ion pump. 

An alternative type of model for an ion counterport  
(Edmonds 1986) consists of two distinct and selective ion 
channels coupled electrically. The present model falls into 
this category. It has the attractive property that it could 
have evolved from the chance juxtaposition of two pas- 
sive ion channels. These models differ from the two above 
in that the two transfers occur simultaneously rather than 
sequentially. As a result they are electrically silent and 
require no energy storage. 

The present model may be thought of as an alternating 
cavity model in which access is controlled electrically 
rather than mechanically. Although no specific ion bind- 
ing site exists in the usual sense, the end of the pore 
adjacent to a residue that is charged forms a region with 
high affinity for particular ions as may be seen in Fig. 1 c. 
The back reaction of the ion on the state of charge of the 
residues automatically provides the tight coupling be- 
tween ion and proton motion required for an efficient 
counterport.  Clearly a cation/cation coport  or counter- 
port  may be visualized in a similar manner to the cation/ 
proton counterport  described here by allowing two adja- 
cent and selective cation pores to interact with a common 
set of ionizable residues which change their charge in 
response to the electric fields of the transient ions. 

The present model emerged from a study of the effects 
of allowing the electric structure of an ion channel to react 
(Edmonds 1989) to the large electric field of a ion in tran- 
sit. Besides the coports and counterports described here, 
if the motion of ions passing through two adjacent but 
identical pores is correlated by interacting with a com- 
mon set of ionizable residues, a related model of a "multi- 
ion" pore such as the delayed rectifier potassium channel 
is obtained. This work will be presented elsewhere. 

The two most commonly used models for coports and 
counterports or indeed ATP driven pumps are the alter- 
nating access cavity (Jardetsky 1966; Vidavar 1966) and 
an ionophore shuttling across the membrane. The alter- 
nating access cavity is supposed to expose a cavity in the 
membrane protein alternatively to the outside and inside 
of the membrane. When exposed to the outside, a binding 
site within the cavity has a high affinity for ions of type A 
and a low affinity for type B. On switching access to the 
inside, the affinity of the binding site changes to having a 
high affinity for B and a low affinity for A. By alternating 
between these two configurations, type A ions are con- 
veyed from outside to inside and type B from inside to 
outside. The model is useful as a teaching aid in graphical- 
ly drawing attention to the changes in both affinity and 
access and may approximate to the real structure of 
transporters of larger molecules such as sugars. However, 
what is known of the molecular structure of the mem- 
brane spanning phase of ion exchange pumps (Maclen- 
nan et al. 1985; Ovchinnikov 1987) resembles that of pas- 
sive ion channels. This is thought to consist of parallel 
bundle of alpha-helices and gives no support to a model 

Predicted properties of the model 

Below are listed some of the predicted properties of this 
model of an ion/proton counterport  which can be tested 
experimentally. 

(1) The counterport  is fast with a maximum transfer rate 
comparable with a passive ion channel of  about  106/S. 
(2) The unidirectional transfer rate as a function of ion 
concentration will obey simple Michaelis-Menten kinet- 
ics as only a single binding site (the pore mouth) is in- 
volved. 
(3) The pH dependence is more complicated as this af- 
fects not only the number of  protons available for transit 
but also the resting state of  charge of  the residues. With 
a symmetrical pH of 5 there is negligible transfer even 
with plentiful ions and J00 mV across the membrane, 
because the resting state is then predominantly (0, 0) 
which allows no flow of ions or protons. The simple 
two-site model described predicts leakage of ions in the 
absence of protons (pH = 10) as the (0, 1) and (1, 0) states 
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become dominan t  in the resting state. This leakage can be 
eliminated in more  complex models.  
(4) The stoichiometric ratio does no t  depend upon  mem- 
brane  voltage as shown in the figures. The  membrane  
voltage dependence of  the transfer rate is appreciable 
when the coun te rpor t  is idling (full lines in Fig. 3 a) but  
becomes much  less when transferr ing pro tons  against  an 
adverse p ro ton  gradient  (broken line in Fig. 3 a). 
(5) The device is electrically silent as bo th  transfers occur  
together. However  in the absence o f  ions the charge (pro- 
ton) transfer t h a t  occurs when the coun te rpor t  changes 
between the possible resting states o f  (0, 0), (0, 1) and 
(1, 0) should be detectable (Edmonds  1990) by measur ing  
changes in the effective capaci tance o f  a membrane  con- 
taining them. 
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