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Summary. Many ion channels that normally gate fully open or
shut have recently been observed occasionally to display well-
defined subconductance states with conductances much less
than those of the fully open channel. One model of this behavior
is a channel consisting of several parallel pores with a strong
correlation between the flux in each pore such that, normally,
they all conduct together but, under special circumstances, the
pores may transfer to a state in which only some of them con-
duct. This paper introduces a general technique for modeling
correlated pores, and explores in detail by computer simulation a
particular model based upon electric interaction between the
pores. Correlation is obtained when the transient electric field of
jons passing through the pores acts upon a common set of ioniza-
ble residues of the channel protein, causing transient changes in
their effective pK and hence in their charged state. The com-
puted properties of such a correlated parallel pore channel with
single occupation of each pore are derived and compared to
those predicted for a single pore that can contain more than one
ion at a time and also to those predicted for a model pore with
fluctuating barriers. Experiments that could distinguish between
the present and previous models are listed.

Key Words multi-pore channel - correlated ion fluxes - sub-
conductance states - channel model

Introduction

The most frequently observed gating behavior of
transmembrane ion channels is a simple switch be-
tween the two states, open and shut. However,
many channels have recently been found to exhibit
subconductance states with an ionic conductance
less than that of the fully open state. Examples prior
to 1987 may be found in the review by Fox (1987).
Many recent reports concentrate on the calcium-
activated potassium channel (Weik, Lonnendoker
& Neumcke, 1989; Stockbridge, French & Man,
1991; Bezprozvanny, Benevolensky & Naumov,
1991; Lucchesi & Moczydlowski, 1991; Pottosin,
1992) but include examples of the inward rectifier
(Matsuda, Matsuura & Noma, 1989), chloride chan-
nels (Schlichter et al., 1990), sodium channels

(Meves & Nagy 1989; Schreibmayer, Tritthart &
Schindler, 1989; Ravindran, Schild & Moc-
zydlowski, 1991) and calcium channels (Liu et al.,
1989; Kunze & Ritchie, 1990; Kwok & Best, 1990).
Models used to explain this behavior may be di-
vided into two main types. The series models postu-
late a single pore that may undergo transitions to
different configurations, leading to time-dependent
changes in its conductance. The parallel models
postulate a multi-barrel channel where the ion flow
through parallel pores is normally correlated so that
the pores all conduct or shut together, but where
subconductance states are shown under particular
circumstances when some pores close while others
remain open. Experiments that favor the parallel
model include observation of conductance levels
that are integral multiples of a unit conductance
(Miller, 1982; Krouse, Schneider & Gage, 1986;
Hunter & Giebisch, 1987, Neumcke & Weik, 1988;
Schreibmayer et al., 1989, Weik et al., 1989). Also,
the finding that the subconductance states have the
same ionic selectivity as the full conductance states
(Hamill & Sakmann, 1981; Schreibmayer et al.,
1989; Weik et al., 1989) is compatible with the series
model only if the change in the pore configuration
changes its conductance but not its selectivity. Less
direct evidence is provided by channels which be-
have like several parallel pores that conduct inde-
pendently (Miller, 1982; Krouse et al., 1986; Hunter
& Giebisch, 1987) and thus show a binomial distri-
bution of the total conductance. Such channels may
resemble the channels discussed here in structure
but may lack the apparatus required to correlate the
ion flows.

Because the majority of ion channel transitions
are between fully open and fully shut, the parallel
model requires the ion flows to be strongly corre-
lated. In this paper we briefly describe a general
procedure for dealing with correlated ion flows
through adjacent parallel pores and then describe in
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Fig. 1. (a) Map of the ion positions in the two parallel pores. The
X and Y coordinates represent the ion positions within the first
and second pore, respectively. X or ¥ = 0 corresponds to an ion
just outside the mouth of the pore on the left, while X or ¥ = 1
corresponds to a position just out of the pore on the right. The
line traces a possible trajectory of two ions crossing the mem-
brane in a correlated fashion. (b) Sketch of two transmembrane
pores with a pair of acid residues A/ and A2 between them. (c)
Map of Fig. la showing contours within which the total energy,
<U(X, Y)> is small when the residues are in their charge states
(1, 0), (1, 1) and (0, 1). The contours are drawn at an energy 2 kT
above that of the ground state of the system when no ions occupy
the pores and the residues are uncharged.

more detail one physically plausible mechanism
that could bring about the correlation. We show that
if the ions passing through the parallel pores inter-
act electrically with a common set of ionizable
channel protein residues then the ion flows may be-
come tightly coupled. The transient electric fields of
the passing ions cause changes in the effective pK
values of the ionizable residues which may lead to
transient changes in their charge state (Edmonds,
1989). The electric fields of the residues in turn re-
act upon the ions in the parallel pores controlling
their flows. Computer simulations on a simple ex-
ample of such a system demonstrate that correlated

parallel channels share some of the properties
calculated (Hodgkin & Keynes, 1955; Hille &
Schwarz, 1978) for multiply occupied single pores
(which we will refer to as multi-ion pores), and also
with pores with stochastically fluctuating barriers
(Lauger, 1985). A list of the computed properties of
correlated parallel pores is given together with ex-
periments that could distinguish between the
present model and previous ones.

Theoretical Treatment of Correlated Parallel Pores

The general method is applied here to the simplest
case of two parallel pores, but can be readily ex-
panded to deal with any number. For the ion flows
to be correlated, the channel protein containing the
two pores must be capable of assuming different
configurations, mechanical or electrical, to modu-
late the ion flows. The linear track of a single ion
through a single pore is replaced by a two-dimen-
sional map of ion positions in two parallel pores.
We restrict the treatment to single occupation of
each pore to ensure that any multi-ion effects ob-
served are due to coupling between the pores, and
not to interaction between ions in a single multi-ion
pore. Such a map is shown in Fig. la, where the
pair of coordinates (X, Y) defines the positions of
an ion in the first and second pore, respectively. X
or Y = 0 indicates the ion is just out of the appropri-
ate pore on the left, and X or Y = 1 indicates the ion
is just out of the channel on the right. As an exam-
ple, the path shown by the heavy line represents
first entry on the left of an ion into the first pore,
followed by entry by an ion on the left into the
second pore. The two ions make their way across
the pores with the ion in the first pore leaving on the
right followed by the ion in the second pore. Associ-
ated with every position (X, Y) on the map, repre-
senting the ion positions, we may plot along the Z-
axis the total energy of the whole system of ions and
channel, U(X, Y, N), in each of the channel config-
urations labeled by N. An energy surface standing
onthearea 0 <X < 1,0 < Y < 1 may thus be
constructed for each different configuration N. Al-
lowed transitions between the various energy states
U(X, Y, N) of this system may be a change in N
representing a change in the channel configuration
without ion motion or a change in the X or Y coordi-
nate at fixed N representing a change in an ion posi-
tion. Having determined the values of U(X, Y, N),
statistical mechanics (Klein & Meijer, 1954) allows
the calculation of the relative sizes of the thermally
activated transition probabilities k; and k; between
states with energies U; and U, using the relation

kylky = exp(—U/kT)/exp(—U/kT),
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where k is the Boltzmann constant and T the abso-
lute temperature. Given these transition probabili-
ties, the evolution of the system in time consists of a
thermally activated random walk between states
along allowed paths. This may be simulated by com-
puter using a Monte Carlo method. We have previ-
ously applied this technique to simulate the flow of
ions through a single pore in a channel with electri-
cal configurations that respond to the presence of
ions within the pore (Edmonds, 1989; Edmonds &
Berry, 1991; Berry & Edmonds, 1992).

The technique is much simplified if changes be-
tween the channel configurations are rapid in com-
parison with ion motion. In this case, associated
with each ion position (X, Y), we can replace the
many values of U(X, Y, N) with a single ‘‘potential
of mean force” <U(X, Y)>, defined as the mean
energy of the channel configurations weighted ac-
cording to the probabilities of these configurations.
This is equivalent to assuming that the channel con-
figurations reach a quasi-equilibrium rapidly with
the ions in a given position and in a shorter time
than the mean time between ion movements. Then
the progress of ions in the two parallel pores be-
comes simply a thermally activated random walk
over this single energy surface <U(X, Y)>. In the
particular example we will explore in detail, the
channel configurations consist simply of the four
possible charge states of two ionizable residues
which interact with ions in the pores. Correlated
parallel ion flows in the two channels are repre-
sented by diagonal paths on the map in Fig. 1a, and
configuration energies must encourage such paths if
correlated ion flow is to be observed.

A SiMPLE ELECTRIC MODEL
OF CORRELATED PARALLEL PORES

The simplest model that exhibits the desired charac-
teristics is sketched in Fig. 15. The channel consists
of two identical narrow pores interacting with the
same two ionizable acid residues AI and A2. The
charged states of the residues may be labeled (1, 0)
if only the left residue is negatively charged, (0, 1) if
the right residues is charged and (1, 1) and (0, 0) if
both or neither are charged. We have previously
described (Edmonds & Berry, 1991) how such a
pore may be made selective to cations within a nar-
row range of unhydrated radius by adjusting the
distance of the acid residues from the pore. We will
assume here that both pores are selective to K*
ions. Because the pores are assumed to be narrow,
the ions within them are only partially hydrated and
a large energy barrier (Parsegian, 1969) faces a K*
ion attempting to enter either pore with the channel
in its uncharged state (0, 0). In the state (1, 0), the

electrostatic interaction with the negatively charged
left-hand residue lowers this barrier on the left and
thus allows easy entry for K* ions from the left. The
remaining barrier on the right prevents further
transfer of the ions to the right. Similarly, the state
(0, 1) allows easy entry from the right but no
through passage. In the state (1, 1) ions towards the
middle section of each pore can interact favorably
with both charged residues. However, the repulsion
between the two charged residues raises the energy
of the whole configuration in this state so that, only
when both ions are near the middle of each pore, is
the total energy low. The similarity in ion access
between the states (1, 0) and (0, 1) and a binding
cavity open to the left side and the right side, re-
spectively; and the similarity between the state
(1, 1) and an occluded cavity, explains why charge-
responsive channels have some properties in com-
mon with carrier models (Berry & Edmonds, 1992).
The energy profile along each pore in the four
charged states has been recently described in some
detail in the papers dealing with single pores re-
ferred to in the Introduction.

Not only does the charge state of the residues
determine the energy profile seen by a K* ion mov-
ing through a pore, but the ion positions within the
pores determine also which charge state of the resi-
dues is probable. Thus, for example, cations at the
left-hand end of a pore help to lower the energy of,
and hence stabilize, the charge state (1, 0). In a real
sense, cations within a pore help change the charge
state of the residues to that which aids further
progress through the pore. Figure 1¢ maps the ion
positions within the pores; the contours drawn on
top show the regions within which the charge states
(1, 0), (0, 1) and (1, 1) have low energy and are thus
likely to occur. As can be seen, coupled motion of a
pair of cations from left to right, corresponding to a
diagonal path on the map, can be encouraged if ac-
companied by cyclical changes in the residue
charge states in the sequence (1, 0), (1, 1) (0, 1).

To simplify the computer simulation, the path
of an ion in each pore is replaced by five equally
separated steps so that the map of Fig. 1a becomes
a grid of 25 positional states. The evolution of the
system is then determined using a Monte Carlo
method described in full elsewhere (Berry & Ed-
monds, 1992). The energies U(X, Y, N) were calcu-
lated by representing the membrane as a homoge-
nous slab of a relative dielectric constant of 2.4 and
thickness of 20 A, surrounded by aqueous fluid of
dielectric constant 80. The ionizable residues were
placed 6 A from the membrane surfaces and the
axes of the parallel pores are separated by 12 A. All
interactions were then calculated using the method
of images (Neumcke & Lauger, 1969). Such calcula-
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Fig. 2. (@) Net ion flux left to right through the two-pore channel
as a function of the absolute ion activity on the right when no
voltage is applied and the ion activity on the left is always twice
that on the right. The flux is shown as ions per 10° time units,
where one time unit is the average time for a single ion to take a
single step within a pore. (b) Ratio of the unidirectional fluxes
under the same conditions that prevail in a. The broken line gives
the Ussing ratio predicted for independent motion of the ions. (¢)
The curves marked 0, I or 2 give the time-averaged percentage
probabilities that the two-pore channel is occupied by 0, 1 or 2
ions as a function of the absolute ion activity on the right as in a
or b.

tions are unlikely to be accurate but this procedure
does impose a relative consistency on the interac-
tion energies used. The model, in fact, does not
depend strongly on the energies calculated. As is
usual in such calculations, we used absolute ionic
activities of the fluids bathing the two faces of the
membrane which give the number of ions available
for entry and defined them as the number by which
the probability of entry is multiplied to obtain the
mean entry rate. The pK values of the two acid sites
are assumed to be 8, corresponding possibly to a
glutamic acid residue with its pK raised by 3 units
due to the low electrical polarizability of its envi-
ronment within the membrane (Edmonds, 1989).

Results

Figure 2a shows the calculated, total net, left-to-
right flux through the combined two-pore channel
as a function of ion activity at the right-hand end of
the pores when no voltage is applied across the
membrane, but the ion activity on the left is twice
that on the right. The steep rise of the net flux as a
function of ion activity, which is a unique feature of
this model, reaches a maximum when the flux be-
comes proportional to [activity]'*!. As the ion con-
centration increases further, the net flux saturates
and finally falls. If the pores acted independently,
we would expect a maximum ratio of the unidirec-
tional fluxes of 2, which is the Ussing ratiofora2:1
ratio of the ionic activities. As seen in Fig. 2b, how-
ever, much higher ratios are calculated in the me-
dium range of activities. This indicates positive cou-
pling between the fluxes, and has traditionally been
taken as evidence of multiply occupied pores. Fur-
thermore, these high ratios occur at lower concen-
trations than with traditional multi-occupancy
models, where they are only seen at concentrations
near saturation when multiple occupancy of a single
pore becomes probable.

A new type of behavior is seen at very high
activities. In this limit, it is unlikely that the channel
will ever be empty. After the exit of the first ion on
the right, following a coupled left-to-right transit of
the membrane by a pair of ions, the channel is held
in the (0, 1) state by the remaining ion. While this
state persists, another ion may only enter from the
right. This leads to behavior like a 1:1 shuttle, re-
sulting in a ratio of the unidirectional fluxes of 1,
below the Ussing ratio of 2 for a 2: 1 concentration
gradient. Such behavior clearly distinguishes this
type of model from multi-ion pore models where the
unidirectional flux ratio may never drop below the
Ussing ratio. This carrier-like mode has been fully
described for a single channel in a recent paper
(Berry & Edmonds, 1992) and will not be further
discussed here. Figure 2c shows the probability of
zero, one or two ions occupying the two-pore chan-
nel as a function of the ion activity on the right, as
above. The model predicts that both the flux and
unidirectional flux ratio will rise to a maximum and
then fall as the pH is decreased from an initial high
value. This is to be expected as the charged state of
the sites depends upon (pK — pH) and extreme val-
ues of pH will remove (pK — pH) from the range,
where the shifts in pK brought about by the electric
fields of transient ions result in changes in the
charged states of the sites. The traditional multi-
occupancy models do not explicitly depend upon
pH.

Some of the observations of subconductance
states referred to in the Introduction only occur in
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Fig. 3. K* flux as a function of time calculated for 100 successive
intervals of 104 of the time units defined for Fig. 25, with a K* ion
activity of 0.03 on both sides and a transmembrane voltage of 100
mV applied. (b) K* flux as in a after Cs* ions, which block the
pores, are introduced with an activity of 0.001 on the left only.
(¢) Occupancy of the two pores by Cs* ions at the end of each
period. Comparison of g, b, and c reveals that the channel has its
full conductance when no Cs* ion is present within either pore,
but that the presence of Cs* in either pore reduces the conduc-
tance of the channel to a value much less than half the conduc-
tance in the absence of Cs* ions.

the presence of a small concentration of a second
ion such as Cs* or Ba?*, which is thought to bind
strongly to or block individual pores. To demon-
strate this type of behavior in the two-pore channel,
the model was adapted to allow a second type of
ion—which we shall arbitrarily call Cs*—to enter
both pores. For simplicity, energy profiles for Cs*
are the same as those for K*, except for a barrier
preventing Cs™ ions leaving at the right-hand end of
the pores. The number of K™ ions passing through
the two pores during each period of 10* time inter-
vals is plotted in Fig. 3a for 100 such periods, show-
ing the normal current shot noise when the K* ion
activity is 0.03 on both sides and a transmembrane
voltage of 100 mV is applied. If Cs* ions are now
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Fig. 4. (a) K* flux in the presence of Cs* as in Fig. 36, but with
the rate constant for Cs* reduced by a factor of 10. (b) Occu-
pancy of the two pores by Cs* ions. Comparison of a and b
shows that while a Cs* ion occupies one pore, the conductance
of the second pore is much reduced.

added at the left with an activity of 0.001, the K*
ion flux becomes that shown in Fig. 36. The number
of Cs* ions occupying the pores at the end of each
time interval is shown in Fig. 3¢. Comparison be-
tween Fig. 3b and ¢ reveals that when no Cs™ ion
occupies the pores, the channel has its full conduc-
tance, but when a single Cs™ ion enters either pore,
a subconductance state exists with a conductance
much less than half the full conductance. In the
simulation shown in Fig. 3, the time taken for a Cs*
ion to enter and leave is comparable to the transit
time of a K* ion and is so fast that it makes the two
conductance states hard to resolve. The transitions
between the two conductance states add to the low
frequency noise of the ion current—a situation of-
ten referred to as a “‘flickering block.”” The nature
of the subconductance state is more clearly seen in
simulations in which the rate constant used to com-
pute the motion of the Cs* ion is reduced by a factor
of 10 in comparison with that used for the majority
of K™ ions. This situation is illustrated in Fig. 4,
where two distinct average rates of transfer are seen
in Fig. 4a, corresponding to whether one pore is
occupied by a Cs™* ion as indicated in Fig. 4b. These
simulations demonstrate that a channel consisting
of two parallel pores with one blocked by a nonper-
meant ion may exhibit a subconductance state with
a conductivity anywhere between that of a single
pore and zero, depending on the strength of the
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Fig. 5. Ratio of the flux of K* ions in the presence of blocking
Cs* ions F(Cs), to that in the absence of Cs* ions F(0) plotted as
a function of the left-to-right transmembrane voltage. K™ activity
is always 0.03 on both sides and the full lines marked by filled
circles and filled squares correspond to Cs* activities of 0.001
and 0.01, respectively. The broken lines give the corresponding
fluxes expected with no coupling between the two pores, normal-
ized to be the same in each case when F(Cs)/F(0) = 0.5.

coupling between the two pores. Thus, the finding
of channel subconductance levels that are not sim-
ply submultiples of the full conductance is not an
argument against the parallel model.

Figure 5 shows the ratio of the left-to-right flux
of K* in the presence of Cs* to that without Cs* as
a function of the left-to-right transmembrane volt-
age. K™ is present on both sides with an absolute
activity of 0.03, while Cs™ is present only on the left
at absolute activities of 0.001 (@) and 0.01 (m). For
comparison, the dotted lines show the fluxes ex-
pected if the blockage were by the Cs™ ions in inde-
pendent channels. The steepness of the voltage de-
pendence indicates that more than one ion moves in
the formation of the blocked states. This behavior,
due to coupling between two single-occupancy
pores, is also seen in the multi-ion pore model (Hille
& Schwarz, 1978).

One way of describing parallel pores with cor-
related ion fluxes is an ion/ion coport in which the
two ions are of the same type. To illustrate this
coport nature, a simulation was performed in which
one of the pores is made selective only to type A
ions and the other only to type B ions. In these
circumstances, it is possible to illustrate clearly the
coupling of the two types of ion flow. It is also
possible to show how type A ions moving down
their electrochemical potential gradient within their
pore can drive type B ions within their pore in the

ION FLUX

Fig. 6. The two-pore channel acting as an ion/ion coport. (a) The
full line marked with filled circles gives the average flux of either
A or B type ions in 10* time units as a function of transmembrane
voltage when both types are present at both sides with absolute
activities of 0.03. The open squares show the flux of type A ions
when the A ion activity remains at 0.03 at both sides, but that of
the B type ions is reduced to 0.003 on both sides. The marked
reduction in the flux of A type ions is due to the coupling be-
tween the two pores. The filled squares give the simultaneous
flux of the B type ions at their reduced activity. (6) The line with
filled circles gives the voltage dependence of the left-to-right flux
of B type ions with activities of 0.03 at both sides of the mem-
brane when driven by coupling between the pores and the A type
ions have left and right activities of 0.3 and 0.003, respectively.
The shaded area shows the region in which the flux of B ions has
been converted from negative to positive by the inter-pore cou-
pling. The line marked by filled squares gives similar information
for type B ions that have left and right activities of 0.01 and 0.1,
respectively, tending to oppose the flow driven by coupling to
the A ions in the other pore.

same direction but against their electrochemical po-
tential gradient, as required of a coport. We have
previously demonstrated a single pore ion/proton
counterport working on similar principles (Ed-
monds & Berry, 1991). The filled circles in Fig. 6a
show the left-to-right flux of type A or type B ions
through the two-pore channel as a function of the
transmembrane voltage when the ions are present
with absolute activity of 0.03 on both sides of the
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membrane. The open and filled squares show the
flux of type A and type B ions, respectively, when
the activity of the type A ions remains the same but
that of type B is reduced by a factor of 10 to 0.003.
The marked reduction of the flux of type A ions
when their activity remains unchanged demon-
strates the coupling of the ion flows in the two
pores. The filled circles in Fig. 65 show the flux of
type B ions with an activity of 0.03 at each side
when driven by a 100 : 1 left-to-right activity ratio of
type A ions. The hatched area under the curve
shows the region in which the flux of type B ions is
switched from negative to positive by the driving
force of the type A ionic gradient. The filled squares
show a situation with the same driving gradient of
type A ions but in which the type B ions now face
an adverse right-to-left activity ratio of 10:1.

PossiBLE EXPERIMENTAL TESTS OF THE MODEL

The predicted properties of the correlated two-pore
model are listed below. They are compared to those
predicted for multi-ion channel models (Hodgkin &
Keynes, 1955; Hille & Schwarz, 1978) or those pre-
dicted by models of single pores with fluctuating
barriers (Lauger, 1985). To distinguish between ion
interactions within a single pore and those in paral-
lel pores, we have assumed throughout single occu-
pancy of each of the parallel pores. A real multi-
barrel channel may alow more than one ion in each
pore and would tend to blur the clear distinctions
we make between the two types of model. Experi-
ments which could distinguish between the different
types of model are suggested.

(1) Concentration Dependence of Ionic Flux

With the parallel model, ionic fluxes through the
channel rise to a maximum and then fall (Fig. 2a) as
the ion activity rises. At low activities the depen-
dence is superlinear, with flux proportional to the
activity raised to a power greater than 1. Both
multi-occupancy and fluctuating barrier models also
predict a maximum in flux vs. activity, but neither
predicts superlinear dependence at any activity.
The two-pore model could be tested by studying the
dependence of flux on ionic concentration at low
concentrations.

(2) Unidirectional Flux Ratios

In the parallel model, the unidirectional flux ratio
rises above the Ussing ratio at low and medium
activities, but at very high activities it can fall well

below the Ussing ratio to approach the value 1 usu-
ally associated with a 1:1 carrier (Fig. 2b). Multi-
ion models predict flux ratios equal to or above the
Ussing ratio, while fluctuating barrier models pre-
dict flux ratios equal to or below the Ussing ratio.
Experiments with radioactive tracer ions at approx-
imately physiological concentrations (Vestergaard-
Bogind, Stampe & Christopherson, 1985) find flux
ratios larger than the Ussing ratio. Extending such
experiments to higher ionic concentrations would
test the carrier-like nature of the two-pore channel
at high ion activities.

(3) Partial Channel Block by Additional
Impermeable Ions

Subconductance states are observed (Figs. 36 and
4a) in the presence of a small concentration of a
second impermeant ion. The conductance of the re-
maining unblocked parallel pores may range from
totally unblocked to totally blocked, depending on
the strength of the correlation between pores. The
observation of subconductance states with conduc-
tances that are not an integer submultiple of the full
conductance are thus consistent with a partially
blocked multi-barrel channel. The voltage depen-
dence of the blockage (Fig. 5) is steeper than would
be expected with uncorrelated pores.

(4) Streaming Potential

The streaming potential is the transmembrane volt-
age resulting from an osmotic pressure gradient,
and it may be related to the number of ions carried
through a pore in single file with water molecules
(Levitt, 1984). Measurement of the streaming po-
tential through gramicidin channels shows that the
number of ions in this narrow pore increases with
the ion concentration within the same range that the
flux ratio increases. This will not be the case in
correlated parallel pores where the high flux ratios
are due to coupling between ions in different, singly
occupied pores. Streaming potential measurements
on calcium-activated K* channels (Pottosin, 1992)
do provide some evidence in favor of the parallel
pore model.

Discussion

We have shown that correlation of the ion flows
through identical parallel pores may result simply
from the electrical interaction between the transient
ions and a common set of ionizable residues of the
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channel protein. The correlation results in anoma-
lous, multi-ion effects due to coupling between ions
in adjacent, singly occupied pores rather than the
interaction of several ions within the same pore.
Correlated ion fluxes are required by the parallel
models of ion channels, which exhibit subconduc-
tance states referred to in the Introduction. The
known oligomeric structure of many channels, in-
cluding the potassium channel, and the ability to
form conducting potassium channels from hetero-
oligomers derived from mixed mRNA’s (Miller,
1991), is consistent with the subunits providing par-
allel pores and the common central region providing
the correlation and gating. Multi-ion effects, which
are such a feature of many potassium channels,
could then be due, at least in part, to the correlation
of ion fluxes in the parallel pores of the channel.

R.M.B. is grateful to the S.E.R.C. for the award of a graduate
studentship.
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