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ABSTRACT Permeant ion species was found to profoundly affect the gating
kinetics of type ! K* currents in mouse T lymphocytes studied with the whole-cell or
on-cell patch gigaohm-seal techniques. Replacing external K* with Rb* (as the sole
monovalent cation, at 160 mM) shifted the peak conductance voltage (g-V) relation
by ~20 mV to more negative potentials, while NH shifted the g-V curve by 15 mV
to more positive potentials. Deactivation (the tail current time constant, 7,) was
slowed by an average of 14-fold at —70 mV in external Rb*, by ~8-fold in Cs*, and
by a factor of two to three in NH;. Changing the external K* concentration, [K*],
from 4.5 to 160 mM or [Rb*], from 10 to 160 mM had no effect on 7_,. With all the
internal K* replaced by Rb* or Cs* and either isotonic Rb* or K* in the bath, 7, was
indistinguishable from that with K* in the cell. With the exception of NHj,
activation time constants were insensitive to permeant ion species. These results
indicate that external permeant ions have stronger effects than internal permeant
ions, suggesting an external modulatory site that influences K* channel gating.
However, in bi-ionic experiments with reduced external permeant ion concentra-
tions, T, was sensitive to the direction of current flow, indicating that the
modulatory site is either within the permeation pathway or in the outer vestibule of
the channel. The latter interpretation implies that outward current through an open
type ! K* channel significantly alters local ion concentrations at the modulatory site
in the outer vestibule, and consequently at the mouth of the channel. Experiments
with mixtures of K* and Rb" in the external solution reveal that deactivation kinetics
are minimally affected by addition of Rb* until the Rb* mole fraction approaches
unity. This relationship between mole fraction and 7, together with the concentra-
tion independence of 7, was hard to reconcile with simple models in which
occupancy of a site within the permeation pathway prevents channel closing, but is
consistent with a model in which a permeant ion binding site in the outer vestibule
modulates gating depending on the species of ion occupying the site. A description
of the ionic selectivity of the type [ K* channel is presented in the companion paper
(Shapiro and DeCoursey, 19915).
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INTRODUCTION

In contrast with the original Hodgkin-Huxley (1952) assumption that ion channel
gating proceeds independently of the presence or species of permeant ion, increas-
ing evidence now indicates that permeant ions affect gating in a variety of channel
types. Permeant ions influence gating kinetics in sodium (Meves and Vogel, 1973),
gramicidin (Kolb and Bamberg, 1977), amphotericin B (Ermishkin et al., 1977),
inhibitory synaptic (Onodera and Takeuchi, 1979), acetylcholine receptor (AchR)
channels (Van Helden et al,, 1977; Ascher et al., 1978; Gage and Van Helden, 1979;
Marchais and Marty, 1979; Adams et al., 1981), and delayed rectifier K* channels in
nerve, muscle, and other preparations (Arhem, 1980; Swenson and Armstrong, 1981;
Beam and Donaldson, 1983; Cahalan and Pappone, 1983; Cahalan et al., 1985;
Plant, 1986; Matteson and Swenson, 1986; Lucero and Pappone, 1989; Spruce et al.,
1989). In the case of AchR channels, permeant ion species strongly modify mean
open times when these ions carry the current. Furthermore, for several of the metal
ions the time constant 7 correlated inversely with the unitary current (derived from
fluctuation analysis) for each ionic species; i.e., permeant ions with smaller conduc-
tance were associated with slower closing rates.

The reciprocal relationship between channel open lifetime and conductance
suggested that this “permeant ion effect” could be explained if permeant ions
occupied binding sites within the channel pore during permeation, with each ionic
species having a different affinity for the binding site(s). In this “occupancy
hypothesis,” closing is prevented or hindered when a permeant ion is bound in the
channel, thus accounting for the observed differences in closing rates (Ascher et al.,
1978; Gage and Van Helden, 1979; Marchais and Marty, 1979). Adams et al. (1981)
on the other hand, while confirming previous results for several of the metal ions,
found no correlation between elementary conductance and 7 for a large number of
organic cations, and concluded that an external or internal modulatory site, not a
binding site in the permeation pathway (pore), may be the mechanism involved.

The companion paper (Shapiro and DeCoursey, 19915) describes the selectivity of
type [ channels, as well as providing a more thorough description of gating kinetics.
Here we explore the effects on gating kinetics of permeant ion species. Several
experiments were designed to provide evidence regarding possible mechanisms of
these effects. In most ionic conditions, the species of ion present in the external
solution appears to determine type / closing kinetics, but there are several examples
in which gating is modified by the species of ion carrying net current. In particular,
we try to discriminate between models in which the channel cannot close when
occupied (“occupancy models”), and models in which the closing rate of the channel
is determined by the species of ion bound to a modulatory site. The bulk of the data
appear to support the idea of a modulatory site, and in addition indicate that this
modulatory site is most likely located near the external mouth of the channel, either
just within the permeation pathway or in the vestibule.

Preliminary accounts of this work have appeared in abstract form (Shapiro and
DeCoursey, 1989; Shapiro and DeCoursey, 1991a).

METHODS

The experimental methods are described in the companion paper (Shapiro and DeCoursey,
19915).
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Eyring Model

Calculations were done with a three-barrier, two-site model, using a FORTRAN computer
program, CAMOD, slightly modified from a version generously provided by the laboratory of
M. D. Cahalan (University of California at Irvine, Irvine, CA). A repulsion factor of 2.0 and a
frequency factor of 4.92 X 10'Y/s were assumed for all calculations. In calculations based upon
Matteson and Swenson (1986) parameters, barriers (in units of RT), starting from the outside,
were 9.4, 8.1, 9.9 and wells —7.4, —7.1 for K* and barriers were 9.4, 8.2, 11.5 and wells —8.4,
—~9.7 for Rb*. For both ions, wells were spaced at 0.1 and 0.9, and barriers at 0.05, 0.5, and
0.95, similar to values used by Matteson and Swenson. Different spacings were also tried, which
necessitated slight adjustments of the inner Rb* well to simulate the effect of Rb* on the type [
7a3- Other sets of calculations are described in the Discussion or in the legend to Fig. 12.

Duffusion Model

Local ion concentrations resulting from current flow through single K" channels were
calculated using a compartmental diffusion model similar to that described by Hille (1977).
Identical vestibules were assumed at each end of the channel, with dimensions given in Fig. 13.
Each vestibule was divided into 30 sections each 2 A thick. The bath outside each vestibule was
divided into 20 further disks 2 A thick, each one with a radius parallel to the plane of the
membrane surface 2 A longer than the previous one. Increasing the number of bath
compartments to 30 had negligible effects on the calculated concentrations of ions in the
vestibule. The “cellular” compartments and the inner vestibule were initially “filled” with the
ionic constituents of the pipette solution, the outer vestibule compartments and the bath
compartments were filled initially with the bath solution. Diffusion was driven by influx and
efflux into the inner and outer compartments adjacent to the pore, based on an estimate of the
two unidirectional components, which added together comprise the net current. As a first
approximation, we used the component currents calculated with the Goldman-Hodgkin-Katz
current equation (Goldman, 1943; Hodgkin and Katz, 1949), scaled according to observed or
estimated single channel currents appropriate for the ionic conditions. Diffusion of K* and of
Rb* were calculated separately, and we did not constrain the total concentrations. Rb* was
assigned an entry rate 0.76 that of K* to reflect its lower permeability. For example, efflux of
Rb* into the innermost compartment of the outer vestibule is given by: {Pg,[Rb™1/(Py,
[Rb*] + [K*])}i,, /F where the relative Rb* permeability Py, is 0.76, the concentration term
gives the mole fraction of Rb* in the compartment adjacent to the inner end of the pore, i, is
the outward component of unitary current, and F is Faraday’s constant.

A simple Euler method as described by Hille (1977) was used. The flux, m, from the n"
compartment to the (n + )™ compartment is given by m,, ., = (¢,~¢,,,) - 4, - D/Ax, where c, is
the concentration (in moles/cm®) in the x* compartment, 4, is the area between the n"* and
(n + I)™ compartments, D is the diffusion coefficient of K* or Rb*, and Ax is the thickness of
each compartment (in centimeters). After each increment of time, Af, ¢, is increased by
(Mp_y =My 0s1) - At/V,, where V, is the volume (in cm®) of compartment n. For most calculations,
the compartments were made 2 A thick, and Af was <10 ps. Making the compartments 1 A
thick gave similar results, but then At had to be reduced to maintain stability of the calculation.
Using much shorter At did not affect the results materially. Usually the calculated concentra-
tions in the vestibule equilibrated after 30—40 ns, consistent with the rapid diffusional
equilibrium expected at this distance scale (Lauger, 1976; e.g., see Fig. 32 in Barry and
Diamond, 1984).

out

Voltage Shift

The voltage dependence of type / kinetics and the peak conductance voltage (g-V) curve were
not invariant during the course of an experiment but rather tended to shift in the negative
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direction during whole-cell perfusion. This shift is illustrated for a typical cell in Fig. 1 4, in
which g-V curves obtained at 2 and 18 min after breaking into the cell are plotted. The g-V
relation at 2 min has a midpoint potential, Vi, of +17 mV, determined by fitting the data with
a Boltzmann function (curve in Fig. 1, see legend). The g-V relation at 18 min is shifted to the
left by ~20 mV relative to the family at 2 min, with a V4 of —3 mV. Typical values for the shift
of Vy after 40 min in the whole-cell configuration, quantified by estimating the voltage at which

g (ns) FIGURE 1. (4) Voltage shift of the
A g-V relation with time in whole-cell.

15 Peak g-V curves at 2 min (®) and 18
min (M) in a cell containing KF/Cl
with Ringer solution in the bath. The
bathing solution was not changed
during this interval. Least-squares
Boltzmann fit to the 2-min data is g
mS) = 14.7/]1 + exp[(17.4—V)/6.5])
(Ve = 17.4 mV); to the 18-min curve
is g S) = 14.2/{1 + exp[(-3.3—-VY
7.21} (V. = —3.3 mV). The chord con-
ductance in Ringer solution does not

-60 -40 -20 O 20 40 60 completely saturate (qualitatively con-
Voltage (mV) sistent with GHK rectification for

these ionic conditions), so the fit of

B the data to a saturating Boltzmann is

only approximate at positive poten-
tials. Superimposed in the inset are
200-ms pulses to 30 mV from the 2-
and 18-min families, as indicated. Fil-
ter 1 kHz, 22.5°C, cell No. 111. (B)
Voltage-shift of activation time con-
stant (1,,) with time in the whole-cell
configuration, in many cells. The po-
tential at which r,, equals 5 ms is
20 40 60 Rlottt?d on the ordinate against the
time in whole-cell when the measure-
Time in whole-cell (min) et was made. Data were corrected
for temperature assuming a Q,, of 3.5. The different symbols represent different pipette
solutions: (O) KCH,SO;; ({0) KCH,S504/F; (A) KF/Cl; (X) RbF/Cl. Most of the data are with
Ringer or K-Ringer solution in the bath; there are also some points with other permeant ion
species in the bath. The fit of the data to a single exponential using a nonlinear least-squares
algorithm is shown as a solid line: amplitude, 38.5 mV; 7, 20.4 min; steady state, —1.82 mV. No
differences were seen in the voltage shift with different pipette solutions or external permeant
ion species.

the g-V relation was half-maximal at various times, were 25-35 mV. The effect was variable;
however, in no cell was the shift less than 20 mV after half an hour. The shift in 4 can be
roughly described by a single exponential, although there is a hint of a faster component
during the first 5-10 min. No correlation with pipette (internal) solution could be detected;
voltage shifts were seen in experiments with K* or Rb*, high or low free Ca®* or Mg?*, or 5 mM
MgATP included in the pipette solution.
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In the inset to Fig. 1 4 are shown currents in response to identical voltage pulses to 30 mV
from each family. The current recorded later shows, relative to the first: (a) a larger peak
current consistent with increasing open probability, (b) faster activation, and (¢) more pro-
nounced inactivation during the pulse. During the progression of the experiment, longer
inter-pulse intervals were needed to prevent accumulation of inactivation during successive
pulses, suggesting in addition that recovery from inactivation became slower. In summary, most
of the changes with time are consistent with a voltage shift reminiscent of that reported in a
variety of cell types (e.g., Marty and Neher, 1983; Fernandez et al., 1984).

Fig. 1 B summarizes a different measure of the voltage shift in many cells in which currents
were studied at various times after breaking into the cell, with different permeant ions in the
bath (as well as several with Rb* in the cell). Plotted on the ordinate is the potential at which the
activation time constant equals 5 ms, and on the abscissa is the time after achieving whole-cell
configuration. The time course of the voltage shift is roughly exponential; superimposed on the
graph is the least squares fit (amplitude = 38.5 mV, v = 20.4 min, steady state = —1.82 mV) of
an exponential to the data. The amplitude and time course of this voltage shift are similar to
those seen with the voltage shifts of g-V curves discussed above (Fig. 1 4), suggesting that the
two observations result from the same mechanism. The shift in voltage dependence of type !
activation appears to occur independently of ionic conditions, at least of those studied.

This phenomenon obviously complicates quantitation of voltage-dependent parameters. If
the mechanism responsible for this effect involves the loss of some intracellular cofactor from
the channel milieu during the experiment, then the slow equilibration time course, with a time
constant of ~20 min, indicates that this substance must be quite large (Pusch and Neher,
1988), or perhaps chemically bound to the channel. No correlation between the time course or
amplitude of the voltage shift and the contents of pipette solutions was found; nothing in any of
our pipette solutions would be expected to equilibrate this slowly. Much previous work has
described voltage shifts seen during whole-cell clamp. A Donnan potential is presumed to exist
between the pipette and cell interior caused by the slow equilibration of the more immobile
negative charges in the cell (e.g., proteins) and the pipette anions. Marty and Neher (1983)
calculated a maximum Donnan shift of 12 mV if all of the anions in the cell are bulky.
Fernandez et al. (1984) calculated a maximum Donnan shift of 15 mV, with a larger value
possible only if pipette cations are also immobile. Thus, at most only part of the 25-35-mV
voltage shifts in our study can be ascribed to dissipation of a Donnan potential. Fernandez et al.
(1984) observed voltage shifts of >25 mV in Na* channels, larger than their calculated Donnan
maximum, and they concluded, as we do here, that some other process must be responsible.
Furthermore, if the dissipation of a junction potential between pipette and cell caused the
voltage shift, one would expect the reversal potential to shift; in fact, the reversal potential in
Ringer solution shifted at most 4-5 mV during long experiments.

RESULTS

Permeant Ion Effects with K* in the Cell

Conductance-voltage curves. The g-V relation for type [ currents was affected by the
permeant ion species in the external bath. Fig. 2 shows peak g-V curves in the
presence of 160 mM K*, Rb*, Cs*, or NH,". While the voltage shift phenomenon
described in Methods considerably complicates these measurements, definite conclu-
stons can still be drawn. Taking the progressive shift into account and by alternating
the bath between Ringer and K-Ringer solution, we were unable to discern any effect
on the g-V relation of raising external K* from 4.5 to 160 mM. We therefore use
Ringer and K-Ringer solutions interchangeably as reference solutions throughout
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this study. In Fig. 2 A, when the bath was changed from K-Ringer (®) to NH,-Ringer
solution (A), the g-V curve shifted to the right by ~15 mV. In view of the spontaneous
leftward shifts seen with time, a shift to the right is indicative of an effect of NH;.
Most cells did not survive long in NH,-Ringer solution, so the reversibility of the shift
was not established. In the experiment in Fig. 2 B, the bath was changed from Ringer

A R FiGURE 2. Effect of external

1.0+ permeant ion species on the
voltage dependence of the type
! conductance. The normalized
peak chord conductance at
each potential is plotted, ex-

NH

4 cept for the case of Rb* (A, B),
for which the data are the nor-

Voltage (mV) malized amplitudes of the peak
60 tail transient after each test

pulse, extrapolated to zero
time after repolarization. For
each curve, the half activation
potential from a Boltzmann fit
to the data and the time in
whole-cell are given. (4) Effect
of NHJ. The sequence of bath
solution was: K-Ringer (IS,
~6.2 mV, 14 min), and then
NH,-Ringer (A, 10.8 mV, 24
min). Note the small type n
c R component around —30 mV ev-
ident in K-Ringer solution.
Data negative to 0 mV in NH}
were lost in the noise. (B) Effect
of Rb*. Ringer (¢, 11.0 mV,
10.6 min), Rb-Ringer (A,
—17.6 mV, 27.3 min), and then
back to Ringer solution (M,
Voitage (mV) —-7.1 mV, 374 min). The
-0 0 60 “droop” in Rb* at positive po-
tentials is due to a small accu-
mulation of inactivation of the currents during the pulse family applied with an interval of 1 s
between pulses (C) Effect of Cs*. Ringer (¢, —4.6 mV, 12 min), Cs-Ringer (A, —16.8 mV, 17
min), and then back to Ringer solution (l, —15.3 mV, 23 min). To calculate each g-V curve, V,,,
was interpolated from the instantaneous I-V curves. Pipette: KCH,SO, (4), KCH,SO,/F (B),
KF/Cl (C); cell Nos. 31, 78, 106, respectively.

Voltage (mV)
-60 0 60

to Rb-Ringer solution, and then back to Ringer. Rb" shifted the g-V curve to the left
by ~20 mV, estimated by averaging the pre- and post-Ringer solution controls.
Leftward shifts by Rb-Ringer of comparable magnitude were seen in other experi-
ments. A similar experiment performed in a cell with replacement by Cs-Ringer
solution is shown in Fig. 2 C. It appears that Cs* (A) shifted the g-V curve to the left
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by a few millivolts compared with pre and post measurements in Ringer solution (¢
and B, respectively), but the intrinsic voltage shift makes this determination difficult.
The effect of Cs* appears to be less pronounced than that of Rb*, but to the extent
that Cs* may reduce outward currents near threshold potentials, assessing the shift by
the peak g-V relation may underestimate the effect.

Macroscopic kinetics. One of the main observations suggesting occupancy models
for other K* channels is that increasing [K*], slows deactivation (Swenson and
Armstrong, 1981; Cahalan et al., 1985; Matteson and Swenson, 1986). In contrast to
this result, we saw no effect on 7, of raising external K* from 4.5 to 160 mM. Plotted
in Fig. 3 are 7, values over a wide potential range for a cell in Ringer solution (¢)
and immediately after the bath was changed to K-Ringer solution (l). The two sets of
data very nearly superimpose. Similar results were obtained in other experiments in
which the order of the solution change was reversed. Throughout the remainder of
this paper, we assume that 1, in Ringer and in K-Ringer are equivalent and
interchangeable as reference solutions for experiments with K* in the cell. We also
saw no effect of [K*], on activation time constants.

7 (ms)
20
10 FIGURE 3. Tail time constants in 4.5
(®) and 160 mM (W) K* are plotted
S on semi-logarithmic axes. The two
sets of data were obtained in rapid
succession. Pipette: KCH,SO,/EDTA,
1 16.5°C, cell No. 19.
Voltage {(mV):10.5
-120 -80 =40 0

Replacement of external K*, however, by other permeant ions profoundly affected
the rate of deactivation. In Fig. 4, tail current families are plotted for different cells in
K-Ringer (4), Rb-Ringer (B), NH,-Ringer (C) and Cs-Ringer solutions (D). The tail
currents are fast and large in K-Ringer and NH,-Ringer, about half as large and
much slower in Rb-Ringer (note the different calibrations), and both slow and very
small in amplitude with Cs-Ringer in the bath. Note the expansion of the current
scale in the Cs* family.

The voltage shift phenomenon (Methods) complicated the study of permeant ion
effects on kinetics. That the tail current time constant, 7., tended to shift less than
the time constant of activation, t,,, was favorable since only 7, was affected by
permeant ion species. All of the conclusions reached on the effects of permeant ions
on gating kinetics were confirmed by using a protocol wherein the “test” cation was
sandwiched between measurements in a ‘“‘control” solution such as Ringer or
K-Ringer solution.

Activation and deactivation time constants from a cell with K-Ringer and Rb-
Ringer solution (ignoring the “hook” for Rb*, companion paper) successively in the
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bath are plotted in Fig. 5. Replacing external K* by Rb* increased =, by >10-fold.
The slowing effect in many experiments was slightly more pronounced at more
positive potentials. Activation time constants, on the other hand, were unaffected by
Rb*. The 1-V curves for the K* and Rb* data are both approximately bell shaped,
with activation and deactivation time constants seeming to converge near the peak.
The midpoint of the g-V relation, V4, for the K-Ringer family in this cell was —24 mV;

160 K

1000 pA

15 ms

160 NH4 160 Cs

L

5 ms

1500 pA

[

15 ms

18 pA

FIGURE 4. Tail currents in the presence of 160 mM of the four permeant ions. Tail currents
were collected by applying a brief pre-pulse to 40 mV to open channels maximally and then
stepping to various test potentials where deactivation occurs. (4) K-Ringer solution. Test pulses
from —120 to —20 mV every 10 mV. Filter 2 kHz. (B) Rb-Ringer. Test pulses from —120 to
—40 mV every 10 mV. Filter 1 kHz. (C) NH,-Ringer. Test pulses from ~120 to ~30 mV every
10 mV. Filter 10 kHz. (D) Cs-Ringer. Test pulses to —120, —100, -80, —60, —40, —30 mV.
Note the expansion of the current scale. Filter 2 kHz. Series resistance compensation was
80-85% in all except 0% in D. Pipette: KCH,SO; in all except KF/Cl in A. P/4 leak subtraction
was used in all except P/8 in B. Cells Nos. 111, 78, 57, 12, respectively.

for Rb-Ringer V» was —44 mV, near the peaks of the 7-V curves for the two ions,
respectively.

Fig. 6 shows the voltage-dependence of 1; with K*, Cs*, or NH] in the bath. In
Cs* and NH}, the currents reverse at —55 mV, partway through the voltage range
studied. Negative to V,,,, the external permeant ion carries the net current, whereas
positive to V,,, the internal ion (here K*) carries outward currents. For NHj, at
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negative potentials where there are inward tail currents, 1, is about three times
slower than its value in K-Ringer solution. At potentials positive to V,,, 7,,; is actually
slightly faster, qualitatively consistent with the observed 10-15-mV right-shift of the
g-V curve in NH;. The current-dependence of the effect of NH,-Ringer on 7
resulted; in this cell, in the 7;-V relation being nonmonotonic around V,.,. Deactiva-
tion in Cs-Ringer solution was slowed 5-10-fold, even positive to V,,,, where there are
net outward K* currents. Thus, the effect of NH,-Ringer but not Cs-Ringer solution
on 1, appears to depend on the direction of current.

The case of Cs* was indeed quite peculiar. Besides the “hooks” and “washout”
phenomena described in the companion paper (Shapiro and DeCoursey, 1991b),
recovery from inactivation appeared to be slowed profoundly with Cs-Ringer solution
in the bath. This conclusion was inferred from experiments in which repetitive
depolarizing pulses were applied with a variable interval between pulses. With Ringer
solution in the bath, a 2-s interval was sufficient to prevent accumulation of
inactivation, even late in the experiment when recovery typically seemed slower. In

FIGURE 5. Activation (open symbols)
and deactivation (filled symbols) time
constants are plotted with K-Ringer
(M, O) and Rb-Ringer solution (®, <)
successively in the bath. The replace-
ment of external K* with Rb* pro-
foundly slows 7., but does not affect
T, Time in whole-cell, 40-55 min;
pipette: KCH,SO;, 19-20°C, cell No.
: , 0,31 \ , 33.
-100 -50 (¢] 50 100
Voltage (mV)

Cs-Ringer, however, inactivation still accumulated appreciably with 10 s between
pulses. Full recovery required a 30-s interval or more. Precise quantification of this
effect was difficult since the intrinsic *washout” of the conductance operated also on
this time scale. Inactivation seemed somewhat more pronounced also in NH,-Ringer
solution.

Microscopic kinetics. We studied the closing kinetics of single channel currents
with Rb* in the pipette using on-cell patches. As was discussed for on-cell patch
experiments with K* in the pipette (companion paper), type n channels as well as
type ! channels were often encountered in patches, but could be discriminated by
their lower unitary conductance (especially with Rb” as the current carrier). Fig. 7
shows on-cell patch data with a Ca**-free, 160 mM Rb* pipette solution. Shown in
Fig. 7 A are three records elicited (as shown) by applying a brief pre-pulse to 0 mV,
which opens channels, and then stepping back to —80 mV where channel closing is
observed. In the first two records, only one type ! channel was open at the end of the
prepulse, which closes and does not reopen upon repolarization, similar to the case
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of K in the pipette but with a much longer open time. In the third trace, two type [
channels were open at the end of the prepulse, and one reopens during the tail
pulse. In Fig. 7 B, the open time histogram is shown, fit to a single exponential with
T = 6.6 ms. The ensemble current from this experiment is shown in Fig. 7 C, fit to a
double exponential, with 7., = 10.2 ms and a small slow component with 7, = 89.5
ms. The slow component is due to occasional type n events (not shown), which were
clearly evident in the records. We interpret the 50% longer ensemble vs. histogram
time constant (10.2 vs. 6.6 ms) as smearing of the fast component by occasional
reopenings, as in the lower record in Fig. 7 A. Although reopenings ought to add a
small separate slower component to the ensemble, the data are not adequate to
resolve three exponentials. Considering the difference in [Ca®*], in the two measure-
ments (<43 nM vs. 2 mM) and the intrinsic whole-cell voltage shift (Methods), the
ensemble time constant is similar to 1,, for the whole-cell measurements with
Rb-Ringer solution in the bath, and ~I3 times slower than the corresponding

Tau (m L. .
(ms) FIGURE 6. Deactivation time

30  constants with Cs-Ringer or
NH,-Ringer solution compared
with Ringer solution in the

10 bath. After measurements in

Ringer (#), the bath was imme-

diately changed to NH,-Ringer

(M), and finally to Cs-Ringer

(V). Estimated by interpolation

of tail current amplitudes (i.e.,

from the instantaneous I-V re-

lation), V,,, was —52.4 mV in

NH,-Ringer and —-52.5 mV in

Cs-Ringer solution. Time in

0.3 whole-cell 7-21 min, 20°C, cell

-120 -80 -40 0 No. 12.

+

measurement on-cell with K* in the pipette (companion paper). Thus, as with K* in
the pipette, type [ channels in on-cell patches close normally in the presence of only
nanomolar concentrations of external Ca®*. In addition, in both whole-cell and single
channel determinations, the slowing of closing kinetics by external Rb* is similar.

Currents with Rb* or Cs* in the Cell

All of the data presented so far have been with K* as the only internal monovalent
cation. In experiments described next, the pipette solution contained Rb* or Cs*
instead of K”. The pipette solution was not changed during a particular experiment.
Equilibration of small cations between the pipette and a small cell such as a
lymphocyte is reached within seconds after breaking into the cell (Pusch and Neher,
1988) so the identity of the pipette permeant is the same as that in the cell. Fig. 8
illustrates an experiment with RbF/Cl in the pipette. The currents with Rb* in the cell
(Fig. 8 A) are very similar to those with intracellular K*, with half-activation for the
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g-V calculated for this family at —5 mV. When the bath was changed to Rb-Ringer
solution, activation was shifted in the negative direction by 23 mV, similar to the
effect of Rb-Ringer with K* in the cell described in Fig. 2 B. Plotted in Fig. 8 B are
values of 7,,; for this cell in Ringer (#), K-Ringer (W), Rb-Ringer (A), and Cs-Ringer
solution (®@). With Rb* in the cell, the magnitude and voltage dependence of 1, for
the inward tail currents in K-Ringer, Rb-Ringer, or Cs-Ringer solutions are similar to

A B
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FIGURE 7. On-cell patch with Rb* in the pipette. (4) Three records for the schematic protocol
are shown after subtraction of averaged null sweeps. The pre-pulse to 0 mV is very near V,, so
little current is evident; open channel currents at —80 mV are inward (downward). Note the
clear reopening at —80 mV in the bottom record. The open time histogram from this
experiment including only type ! events is shown (B), fit to an exponential by least-squares with
T = 6.6 ms. The first bin was disregarded in the fit and is not shown. (C) The ensemble current
for all events, fit to a large fast exponential (t = 10.2 ms) and a small slow one (t = 89.5 ms).
The latter is due to the occasional type n channel event in the patch, which stay open much
longer than type [ events. Filter 1 kHz, sample interval 179 ps, pipette RbF/Cl, cell No. 157.

those in each external solution, respectively, in cells with internal K* (Figs. 5 and 6).
Thus, deactivation in K-Ringer is fast and is slowed by about a factor of 10 in
Rb-Ringer or Cs-Ringer solution. In Cs-Ringer the tail currents exhibited “hooks”
similar to those seen with internal K*. Thus, for the measurements described
heretofore, type ! kinetics seem to depend wholly on the external permeant ion.
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The case of Ringer solution in the bath in Fig. 8 B, however, is particularly
interesting. Here V, is —80 mV and tail currents negative to that potential are
carried by K* from the bath, and have 7, values identical with those in K-Ringer
solution. Positive to V,.,, tail currents are outward and carried by Rb* from the cell;
values for 7, diverge from those in K-Ringer at V,,, and are increasingly slowed at

s
FIGURE 8. Experiments with Rb* in
< 4.5 [K'lg the cell. (4) Family of whole-cell cur-
Q l 50 ms 160 (AB', rents with Ringer solution in the bath,
Y] during 200-ms pulses to potentials

between —60 and 30 mV every 10

B ,7_ mV. P/5 leak subtraction, 0% SR, filter
(ms) 1 kHz. (B) Deactivation and (C) acti-

100 vation time constants from the cell in
A with internal Rb*. (B and C) The
bath was initially Ringer solution (#),

10 then changed to K-Ringer (W), then
to Cs-Ringer (®), and finally to Rb-
3 Ringer (A). For the tail time constants

in B, all of the tail currents except
those positive to V_, in Ringer (~70
Voltage (mv) 0.3 mV, arrow) are inward and carried by
the permeant ion in the bath. In
Ringer solution, at potentials positive
to —70 mV, tail currents are outward
a0 ’7' (ms) and carried by Rb* from the cell
i Times in whole-cell: Ringer 4 min;
K-Ringer, 30 min; Cs-Ringer, 36 min;
Rb-Ringer 50 min. Pipette solution
RbF/Cl, 24°C, cell No. 49.
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more positive potentials, but are still substantially faster than the inward tail currents
in Rb-Ringer at the same potentials. This result suggests that the external permeant
ion is more important than the internal permeant ion, but that 1, is detectably
affected in some cases by the ionic species carrying net current.
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In Fig. 8 C, activation time constants, 7, are plotted for the same cell with Ringer,
K-Ringer, or Rb-Ringer solution in the bath. It was shown in Fig. 5 that r,, with K*
internally is unaffected by the external Rb*; at most potentials where 7, is
measurable, K* is the main current carrier. With Rb* in the cell (Fig. 8 C), Rb*
carries outward current at positive potentials and so its effect on activation kinetics
can be tested directly. By comparison with data with K* in the cell, it appears that
activation kinetics are essentially independent of whether K* or Rb* carries net
current. Given the intrinsic voltage shift of 7,.,, the best demonstration of this result is
that data from experiments with Rb* in the cell shown in Fig. 1 B(X) superimpose on
data with other internal solutions.

FIGURE 9. Experiment with

160 Ko < _ Cs* in the cell. (4) Superim-

o L— posed are currents during

160 Csi N 200-ms depolarizations to po-

50 ms tentials between —40 and 80

mV in 10 mV increments in a

cell with CsF/Cl in the pipette

and K-Ringer in the bath. No

8 7—("‘5) leak subtra%tion has been used.

100 Note the large, fast inward tail

+ currents. (B) Deactivation time

constants for the cell in A with

internal Cs* and (W) K-Ringer

or (A) Rb-Ringer in the bath.

. Tail kinetics are indistinguish-

able from those with K* in the

cell (e.g., Figs. 3 or 5), or with

Rb* in the cell (Fig. 8 B). SR

1 compensation 85%, 18.5°C, fil-
ter 1 kHz.

Rb

Vol{tag? (m:/] Y04

-80 -40 0

—.
+
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Experiments with Rb* in the pipette proceeded similarly to those with K*.
However, with a Cs* solution in the pipette, an additional voltage-independent
K-selective conductance often appeared (data not shown), interfering with measure-
ments of type ! K* currents. This conductance was described previously in Louckes
lymphoma cells (A-IR currents; Shapiro and DeCoursey, 1988). In any event, some
cells studied with Cs-containing pipette solutions exhibited large type { currents that
could be identified by their (a) voltage-dependence, (b) kinetics of activation, (c)
kinetics of deactivation, and (d) sensitivity to block by external TEA*. Currents in a
lymphocyte with large type { currents but negligible A-IR currents with Cs* in the
pipette and K-Ringer solution in the bath are shown without leak correction in Fig.
9 A. Depolarization above threshold results in inward type [ currents over a wide
voltage range, with large, fast tail transients upon repolarization. Plotted in Fig. 9 B
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are values for 7, in this cell with internal Cs* and K-Ringer (@) or Rb-Ringer
solution (A) in the bath. These data are nearly identical to those with internal K* or
Rb* (Figs. 5, 8 B, or 10), with 7, in K-Ringer fast and in Rb-Ringer slowed by about
an order of magnitude. Thus, the presence of Cs* in the cell has no obvious effect on
the inward K* or Rb" tail current kinetics, which in contrast are profoundly slowed by
Cs" in the bath.

Current-dependent Permeant Ion Effects

Experiments with 10 mM Rb™ in the bath. Although most of the data presented thus far
could be explained by the idea of a modulatory site for K* channel deactivation that
is sensitive to the species of permeant ion in the external solution, the data in Fig.
8 B with Rb" internally and Ringer solution in the bath (®) seem to indicate that the
ion species carrying net current can also modulate deactivation Kinetics. To test these
ideas further, we studied five cells with K* in the cell and 5 or 10 mM Rb" in the bath
as the only external permeant ion. Fig. 10 A shows the results from a cell with K* in
the pipette and 10 mM Rb*, 150 mM Li" in the bath. Li* has no measurable
permeability through type [ channels and does not obviously affect type ! current
kinetics when substituted for Na* in the bath (data not shown). Plotted are
deactivation time constants for Ringer solution in the bath (®), after the bath was
changed to 10 mM Rb* (x), to 160 mM Rb-Ringer (A), and then back to Ringer
solution (M). At potentials negative to V,, at —64 mV, the inward tail currents
(carried by Rb") in 10 mM Rb" are as slow as tail currents in Rb-Ringer solution at
the same potentials. The outward tail currents (carried by K*), however, are about as
fast as the “before” and “after” sets of data points with Ringer solution in the bath.
Thus the direction of net current in the presence of 10 mM Rb" in the bath strongly
affects 7. A similar dependence on tail current direction of the slowing effect of 5
mM Rb* was observed in mammalian skeletal muscle (Beam and Donaldson, 1983).

Fig. 10 B shows the midpoint of the g-V relation, V4, measured at various times in
each of the solutions studied in this experiment. Only Rb-Ringer solution affects the
voltage dependence of gi; the changes in Vi in the presence of 10 mM Rb* are
comparable to the shift of V» at different times in Ringer solution (see Methods),
consistent with the lack of effect of 10 mM Rb™ on closing kinetics in the voltage
range positive to V.

Deactivation Kinetics in Mixtures of K™ and Rb*

To evaluate the relative effectiveness of K" and Rb* in modifying 7, in mixtures of
the two ions, kinetic measurements were made in various mole fractions of the two,
keeping the total permeant ion concentration constant at 160 mM. Fig. 11 summa-
rizes the results of many such experiments. In Fig. 11 A the conductance measured
30 mV negative to V,,, is plotted. As might be expected if Rb* ions permeate type !
channels more slowly than K* ions and occupy the channel enough to impede K*
permeation, small additions of Rb* apparently have disproportionate effects on the
conductance. The mole fraction dependence of t,, plotted in Fig. 11 B, however, is
surprising. Little slowing of 1, is observed until the Rb* mole fraction is large. This
result is consistent with the idea that deactivation kinetics are determined by a

modulatory site that is preferentially exposed to the external medium (see Discus-
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sion). Superimposed on the data is the theoretical relationship expected from such a
modulatory site model, assuming equal affinities for the site of K* and Rb".

DISCUSSION

Permeant Ion Effects on the g-V Curve

The voltage dependence of the g-V relation of type { K™ channels in lymphocytes
varied depending on the species of permeant ion in the external solution. Rb-Ringer

FIGURE 10. (A4) Tail time con-
/7—('“5) stants in a whole-cell (w.c.) ex-
periment with 160 [K*]. The
bath solution was first Ringer
(®), then 10 mM Rb*, 150 mM
Li* (x), then Rb-Ringer (A),
and then Ringer solution, (H).
Tail currents negative to V,, in
10 mM Rb* (arrow) are inward
Rb* currents and decay slowly;
those positive to V., are out-
ward K* currents and are as
fast as those in Ringer solution.
Voltage (mV) 1 (B) The half-activation poten-
+ t y * tial, V%, is plotted at various
times in the experiment when
the bath contained 4.5 K*
B {(mv) (Ringer up to first upward ar-

row), 10 mM Rb* (2nd 1), 160
10+ mM Rb-Ringer (Rb-R 3rd 1)
20 40 60 and again Ringer (R, after 3rd

- 7). Only Rb-Ringer solution
shifts the g, voltage-depen-
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-307 7.y was measured: Ringer (I)
26 min; 10 mM Rb* 40 min;

_40--

Rb-Ringer 55 min; Ringer (2)
70 min. Pipette solution
KCH,SO/F, 22°C, cell No. 73.

(|

Ringer 10Rb Rb-R R

solution in the bath shifted the type [ g-V relation by ~20 mV to more negative
potentials; Cs* produced a smaller negative shift, and NH; shifted the g-V relation by
~15 mV to more positive potentials. Qualitatively similar phenomena have been
reported for other types of K™ channels: Rb™ produces negative shifts of 10-15 mV in
nerve (Cahalan and Pappone, 1983; Plant, 1986; Matteson and Swenson, 1986) and
NH; a positive shift of ~10 mV in human lymphocyte type » channels (Cahalan et al,,
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1985). The effects of permeant ions on the g-V relation of type { K* channels are
somewhat more profound than those for other channels.

It seems reasonable to ascribe the effects of permeant ions on the g-V relation to
their effects on the deactivation rate alone, since activation Kkinetics were not
measurably affected. Approximating type [ gating kinetics by a two-state model, if the
closing rate is reduced by Rb* then: (a) the g-V relation will be shifted to the left, and
(b) the maximum of the -V relation will be larger at V. Both effects are observable in
the data, and the observed slowing of deactivation accounts quantitatively for both.
This interpretation is also supported by the experiment illustrated in Fig. 10 B. In

A
1.0¢ 5
gK
+ FicUre 11. K*'/Rb* mole fraction ex-
periments. (4) Dependence of “in-
0.81 $ stantaneous” conductance on mole
{ fraction of Rb*. Mean values of chord
3 3 conductance (Gg,q) are plotted for
0.671 I} each K*/Rb* mixture (with [K'], +
1 [Rb*], = 160 mM), calculated by tak-
Fraction Rb ing the extrapolated tail current at
0.4 + + + + 4 —70 mV and dividing by the driving
0 0.2 0.6 1.0 voltage in each case. (B) Dependence
B of 7., on Rb* mole fraction. Plotted
7_ are mean values for 7, at =70 mV
161 —— measured in mixtures of K" and Rb".
4 ,7,; The bars indicate standard errors in
124 both A and B of 2-10 measurements.
Data in both A and B are normalized
T to the value (G, or T.;) measured at
8+ the same potential in the same cell in
1 K-Ringer solution. The curve in B
shows the mole- fraction dependence
41 assuming the modulatory site model
t - i ) ) described in the text.
0 04 0.8 10
Fraction Rb
160 mM Rb”*, 1, was slowed over the whole range within which it could be measured,

and the g-V curve was shifted. In 10 mM Rb’, 1, was slowed negative to V,,,, but not
at more positive potentials, and the g-V curve was not shifted. Thus the g-V relation
depends on the closing rate at potentials around threshold, and not merely on the
species of permeant ion in the external solution. The negative shift of the g-V in
Cs-Ringer solution is at least qualitatively consistent with the slowing of 7., by Cs™.
Although NHj slowed T, for inward tail currents negative to V., it decreased 7
at more positive potentials, consistent with the positive shift in the g-V relation.
Unlike other permeant ions, NHj alters activation kinetics, shifting the 1,,-V relation
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to more positive potentials. A speculative interpretation of the positive shift of the g-V
and 7-V curves in NH,-Ringer solution is that the NH; ion protonates a site in or
near the channel pore. Gating would then shift to the right, as is observed in
experiments with low pH solutions in Na* (Hille, 1968) and K* (Hille, 1968; Drouin
and The, 1969) channels. Alternatively, NH; may permeate the membrane and then
be protonated, increasing internal pH and so decreasing screening of internal surface
charge. If either interpretation is correct, then the slowing of t,, negative to V,,, by
NH; (A, Fig. 6) is underestimated, since these values also would be shifted to the
right.

Permeant Ion Effects on Deactivation Kinetics

The 14-fold slowing of deactivation of type [ currents in lymphocytes when K* in the
bath is replaced by Rb* is similar to, but more profound than, the effect of external
Rb* on K* currents in nerve (Arhem, 1980; Swenson and Armstrong, 1981; Cahalan
and Pappone, 1983; Matteson and Swenson, 1986), muscle (Beam and Donaldson,
1983), and brown fat cells (Lucero and Pappone, 1989) in which tail currents are
about twice as slow in Rb* as in K*. Cahalan et al. (1985) and Plant (1986) reported a
fivefold slowing effect of Rb* in lymphocytes and myelinated nerve, respectively;
Spruce et al. (1989) observed a 10-fold slowing of single channel ensembles in
skeletal muscle. Most of the slowing effect of Rb* on type ! channels is the result of
increased mean open time, although there is apparently a small increase in the
number of reopenings. The slowing by Rb* of deactivation of delayed rectifier
channels in skeletal muscle (Spruce et al., 1989) and in neuroblastoma cells (Quandt,
F.N., personal communication) is due to increases in both mean open time and
number of openings per burst. The magnitude of the permeant ion effects on type [
K* channel gating led us to reconsider various possible explanations for this
phenomenon. We designed several experiments to test whether the species of ion
carrying current or if the species of permeant ion present in the external solution was
of dominant importance in determining gating kinetics.

Sidedness of permeant ion effects. A number of combinations of internal and
external ion species were studied. The sum of these data indicates that the permeant
ion species in the external solution has a much greater effect on K* channel gating
kinetics than does the internal ion, a conclusion also reached by Plant (1986) for g;,
K* currents in node of Ranvier. Thus, 7, was affected in the same way by K-Ringer,
Rb-Ringer, or Cs-Ringer solution, regardless of whether the cell contained K*, Rb",
or Cs*. In every case, when tail currents were inward, 1, was completely determined
by the external permeant ion species, and the internal ion had no discernable effect.
In Cs-Ringer solution with [K*], = 160 mM, the external ion slows 7, for both
inward and outward tail currents. Internal ion species had de-
tectable effects on 7,,; only when tail currents were outward: [K*], = 4.5 and [Rb*], =
160 mM (Fig. 8 B), [Rb"], = 10 and [K*]; = 160 mM (Fig. 10 4), and possibly
[NH;], = 160 and [K"]; = 160 mM (Fig. 6).

These results indicate that the species of external permeant ion has a much greater
effect on deactivation kinetics than does the internal ion. If the effects of permeant
ions are mediated by a modulatory cation-binding site, the data suggest that this site
is located near the external mouth of the type ! K* channel, either just within the
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permeation pathway or in the external vestibule, but near enough to the pore that
outward tail currents significantly alter the local ion concentrations. Dubois and
Bergman (1977) proposed that a prerequisite for K™ channel opening in myelinated
nerve is the binding of a K* ion to an external site. The site we propose must be
functionally distinct from theirs, because permeant ions affect only deactivation
kinetics of type ! K" channels.

Occupancy Models

The general idea of the “occupancy model” developed for AchR channels (Introduc-
tion) was applied by Swenson and Armstrong (1981) to explain the slowing of
deactivation in squid delayed rectifier K* channels by external Rb* or increased
[K*],- Beam and Donaldson (1983) interpreted the parallel slowing of 7, and
reduction of conductance by Rb* in rat skeletal muscle in terms of an occupancy
model. A substantially modified occupancy model has been proposed by Armstrong

TABLE 1
Concentration Dependence of K* and Rb* Conductance

External K* in the cell
ton g &x/Ex.160 n
mM nS
4.5 K* 3.56 + 2.8 0.26 = 0.096 13
160 K* 139+ 84 =1.0 13
10 Rb* 1.70 £ .64 0.32 = 0.024 3
160 Rb* 5.21 = 1.60 =1.0 3

Conductance values are slope conductances measured at V,-30 mV. In the third
column are the mean = SD of the ratio in each cell of conductances with 4.5 or 10 mM
of K* or Rb* to that with 160 mM of the same ion. The n values are the numbers of
cells for which both small and large test concentrations were used in the same cell. The
GHK equation predicts conductance ratios at V,,-30 mV of 0.06 for K* and 0.11 for
Rb*, assuming P, = 0.76.

and Matteson (1986) to account also for competition between external Ca’* and
permeant monovalent cations, especially K* and Rb". In their model, K* channels
can close with either a permeant ion or a Ca’" ion bound within the pore, but the
channel “prefers” to close with a Ca** ion in it; i.e., closing is much faster when the
channel is occupied by Ca’* than by a permeant ion. We did not apply this model to
the present data because three fundamental observations that led to this model
appear not to apply to type [ K* channels.

(a) Conductance and occupancy. Table I summarizes the conductance data for
different concentrations of K* and Rb*. Increasing [K], from 4.5 to 160 mM
increases the conductance fourfold. This increase is much less than predicted by the
GHK independence relation, suggesting that significant interaction between perme-
ating K* ions occurs; i.e., that the type ! channel is occupied significantly in 160 mM
K*. Nevertheless, four times as many K* ions permeate the pore per unit time for a
given driving force, so the occupancy of any particular site within the channel must
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increase appreciably when [K*], is increased from 4.5 to 160 mM, unless the site is
essentially always occupied regardless of [K*],. Similarly, the conductance increases
threefold when [Rb*], is increased from 10 to 160 mM (Table I), which is less than
predicted by the GHK model, suggesting interaction between Rb" ions, but also that
channel occupancy increases when [Rb*], is increased as well.

The decrease in the closing rate (1.5-2-fold) of K* channels in several preparations
upon elevation of external K* (Swenson and Armstrong, 1981; Cahalan et al., 1985;
Matteson and Swenson, 1986; Lucero and Pappone, 1989) is consistent with an
occupancy hypothesis, since the increase in occupancy with higher [K* ], should result
in slower time constants. In contrast, for inward type ! tail currents, 1,,; was the same
whether [K*], was 4.5 mM or 160 mM, and was similarly unaffected when [Rb*], was
increased from 10 mM to 160 mM. It is difficult to account for these results for both
K* and Rb™ using an occupancy model, especially since any such model must assign
substantially different values for the affinity of K* and Rb* for the modulatory site to
account for the slowing effect of Rb™ (see below).

(b) Effect of Ca’*. Removing Ca** from the solution surrounding squid axon
appears to prevent K* channel closing, consistent with the idea that occupancy of a
K* channel by Ca®* is a prerequisite for normal channel closing (Armstrong and
Lopez-Barneo, 1987). In murine lymphocytes, however, in cell-attached patches with
Ca’*-free (<43 nM) pipette solutions, single type ! channels open and close with
voltage dependence and kinetics roughly similar to those of macroscopic currents in
the whole-cell configuration with 2 mM Ca** in the external solution. (Lymphocytes
in the whole-cell configuration did not survive Ca**-free bath solutions.) This result
does not suggest an obligatory role for external Ca’* in type { channel gating.

(c) Permeant ion species. The relationship between effects of permeant ion species
on conductance and on 7, is not consistent with a simple occupancy-type mecha-
nism: (i) Rb-Ringer solution slows T, 14-fold compared with K-Ringer but reduces
the conductance only by one-half, (7)) Rb* and Cs* slow 1, about equally but have
radically different conductances, (iii) NH; conducts more current than K* (for a
given driving force) but slows 1, compared with K¥, and (iv) Cs-Ringer solution in
the bath slows 1, both for inward (Cs*) and outward (K") currents by about the same
amount. In summary, there are enough differences between the permeant ion effects
on type ! K* channels and on K’ channels in other preparations to necessitate a
different kind of model.

Is an “Occupancy Hypothesis” Consistent with Our Data?

Even though points a and ¢ above seemingly make the type [ channel a poor
candidate for an occupancy model, we considered whether the behavior of type { K*
channels is consistent with the idea that they cannot close when occupied by a
permeant ion. Like other K* channels (Hille and Schwarz, 1978), type [ channels
apparently have multiple sites in their permeation pathway that can be occupied
during permeation (Shapiro and DeCoursey, 19915). In principle, one could propose
that any given site (or set of sites) might impede channel closing when occupied by a
permeant ion (or ions). For the purpose of this discussion we consider simply the idea
that one site in the permeation pathway prevents closing in an all-or-none manner
when occupied by a permeant ion.



1270 THE JOURNAL OF GENERAL PHYSIOLOGY - VOLUME 97 - 1991

Occupancy in a one-site channel. We first consider a simple one-site channel (e.g.,
Marchais and Marty, 1979). We assume that the entry rates for K* and Rb" are the
same since Py, is similar to Py and that the closing rate (B) at a given potential is
directly proportional to the fraction of time the site is not occupied, so 7, ~ 1/p «
1/[1 — occupancy]. Since Tg,/7x ~ 14, the fraction of time the channel/site is not
occupied must be 14 times greater in K* than in Rb*. This could be achieved at
various absolute occupancies, so we consider two extreme cases. In the high
occupancy case the channel is occupied 98.6% of the time in K* and 99.9% of the
time in Rb* (i.e., unoccupied 1.4 or 0.1% of the time, respectively), and the site must
have a 14.2-fold greater affinity for Rb* than for K*. In this high occupancy case,
when either [K*], or {[Rb*], are altered, [1—occupancy] and consequently 1, must
significantly change. In the low occupancy case the same 14-fold difference in
[1—occupancy] could also be achieved if the channel were occupied negligibly in K*
and 93% of the time in Rb*, in which case the relative affinity of the site for Rb" is
infinitely greater than that for K*. Now there would be no detectable change in 7,
when [K*], is increased from 4.5 to 160 mM, but still a pronounced effect in raising
[Rb*], from 5 or 10 to 160 mM, in contrast with the data.

In mixtures of K* and Rb*, 7, was not much slowed until the Rb* mole fraction
was large (Fig. 11 B); i.e., the relationship between Rb* mole fraction and t,; was
strongly concave. In a one-site channel with an occupancy-type mechanism and equal
entry rates for K and Rb", regardless of absolute occupancy of the channel, there is
a linear relationship between Rb* mole fraction and 7,,. Even if Rb" is assigned a
lower entry rate than K*, as might be expected from the lower P and g, the
calculated 1 vs. Rb™ mole fraction relationship remains linear. In conclusion, a
simple occupancy model in a one-site channel does not fit our data.

Occupancy in an Eyring model. Matteson and Swenson (1986) used a two-site,
three-barrier Eyring model to simulate the permeation and selectivity of K* channels
in squid. They found that occupancy of the inner site by monovalent cations in their
model was correlated with slowing of the T; that is, both occupancy and 7, were
increased by increasing [K*], or by replacement of external K* by Cs* or Rb”, and
both were decreased by replacing external K* by TI* or NH;. Since we do not have a
large enough body of data to constrain the parameters of even a two-site Eyring
model adequately, we have explored this type of model with a nonexhaustive sample
of more or less arbitrarily chosen parameters.

If the K channel can close only when the inner site is not occupied by either K* or
Rb”, then 7, is proportional to the inverse of the probability that the inner site is
empty. Starting with barrier heights and well depths and positions used by Matteson
and Swenson (1986) for K* and Rb" in squid, we made the inner well for Rb* deeper
by ~1.8 RT units to increase the calculated 1, ratio to 14 for Rb-Ringer vs. K-Ringer
solution, resulting in high inner site occupancy for both K-Ringer (0.797) and
Rb-Ringer (0.986). The calculated 7, increased rapidly with increasing Rb™ mole
traction, with a convex dependence on the mole fraction, in sharp contrast to the
observed relationship in Fig. 11 B. Varying the well positions had little effect on this
relationship. The greater well depth for Rb* results in substantial occupancy of the
site by Rb* for even small additions to the external solution. In general, a site within
the permeation pathway that is occupied longer by Rb* than by K* during
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permeation (i.e., with a higher affinity for Rb*) will be occupied disproportionately
by Rb* in mixtures with K* and so a concave mole fraction relationship is not to be
expected. Using several other sets of Eyring parameters selected to approximate
more closely the observed I-Vs in Rb* and K* solutions, the Rb* mole fraction
dependence of 1, was either convex or roughly linear. Assuming that occupancy of
the outer site rather than the inner site determines 7, gave similar results, but
usually with less pronounced convexity.

FIGURE 12. (A) Current-volt-
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— 50 100 each case with 160 mM [K*].
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occupancy prevents channel

B closing in an all-or-none man-

r1.0 4 ner, with the ratio of time the
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+0.8 = 14.2 between K* and Rb*. (B)

£ Occupancy of the inner site in
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160K(/160K 8 160 Rb*/160 K*, 10 Rb*/160
_260 + 150 + ) K*, and 160 K*/160 Rb*. Occu-
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160K* that the curve is nearly
indistinguishable from the abscissa. Note that occupancy increases substantially when [Rb* ], is
increased from 10 to 160 mM, and that with 160 [Rb*}, occupancy is high at all potentials.

Voltage (mV)

Since Eyring parameters chosen in the usual way to imitate instantaneous I-V
relations seemed not to generate naturally the observed strongly concave depen-
dence of 7, on Rb" mole fraction, we decided simply to adjust the parameters
arbitrarily, constrained only to give a reasonable V., in Rb-Ringer solution. Parame-
ters for K* and Rb* were assumed to be concentration independent, and identical
barrier and well positions and “frequency factors” were assumed for K* and Rb*.
Values were found (see Fig. 12 A, insef) that gave a concave Rb* mole fraction
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dependence of T, qualitatively like that observed. These values indicate strong
preferential binding of K* at the outer site and of Rb" at the inner site. Instantaneous
I-Vs in Fig. 12 A calculated using these parameters deviate from real data: there is
outward rectification at positive potentials in K-Ringer and in Rb-Ringer solution, the
currents are too large in Ringer, and inward currents in Rb-Ringer are too small.

A more significant difficulty with this model is illustrated in Fig. 12 B, in which the
occupancy of the inner site under various ionic conditions is plotted. Changes in ionic
conditions that in real currents do not affect 1, have large effects in the model: the
calculated 7, at —70 mV increases sevenfold when [Rb"], is increased from 10 to 160
mM, and is much slower (greater than fivefold) when internal K* is replaced by Rb*
with either K-Ringer or Rb-Ringer solution in the bath, indicating high occupancy by
Rb" at all potentials with Rb* in the cell. Under bi-ionic conditions an ion species
with a deeper well can have a greater occupancy at a given site in the channel than
the ionic species carrying net current from the other side of the membrane. This
phenomenon is an important consideration in light of the complete lack of detectable
effect of internal Rb* or Cs* on 1, for inward currents, and the sharp dependence on
current direction of the 7, data with 160 [Rb™], and Ringer solution in the bath, or
with 160 [K* ], and 10 [Rb"], (see above).

In summary, although we have not been able to find any set of Eyring parameters
that can account for all the data using an occupancy model, we cannot rule out the
possibility that such parameters might exist, especially if more sites were added to the
model. However, it seems very difficult simultaneously to account for (a) the slight or
negligible effect of the internal ion species on 7, (b) the lack of effect of increasing
[K*], from 4.5 mM to 160 mM or of increasing [Rb*], from 5 or 10 mM to 160 mM,
(¢) the concave Rb* mole fraction dependence of 1, and (d) the similarity of g, and
gx given a 14-fold difference in 7.

Voltage and current dependence of 7. One striking feature of the 10 mM Rb* data
in Fig. 10 4 is the narrow voltage range within which 7, switches from K* to Rb™ (fast
to slow) kinetics. When the Ringer solution data in Fig. 8 B are expressed in terms of
apparent mole fraction Rb* (see below), a similar steep voltage dependence is
observed. In calculations using several sets of Eyring parameters in these two ionic
conditions, occupancy of either site in the channel (either by Rb* or by any permeant
ion) varies much less with potential or with the direction of net current than could
account for the apparent dependence on current direction of 1, that we observed.
For example, Fig. 12 B shows that for 10 mM [Rb" ], and 160 mM [K"};, occupancy of
the inner site decreases with depolarization, qualitatively as is necessary to produce
slow inward and fast outward tail currents (Fig. 10A4). However, the voltage
dependence is much too shallow. The situation is analogous to simulations of voltage
dependent block by a partially permeant ion. Using a two-site Eyring model, French
and Shoukimas (1985) found that the steepness of the voltage dependence of block
by a moderately permeant blocking ion was more gradual (smaller effective valence)
than for a completely impermeant blocking ion. For type / channels, Rb* must be
considered a fairly permeant blocker. If one were to postulate a pore with many
binding sites, it might be possible to quantitatively account for the steepness of the
current and voltage dependence of the 7, data. However, the problems discussed in
the last section remain.
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External Modulatory Site

An alternative type of model involves a site that modulates the closing rate
depending on the species of permeant ion bound to the site. We make three main
assumptions: (a) Occupancy of a site by Rb* slows 7, by a factor of 14.2 (the mean
value of 7, in Rb-Ringer compared with that in K-Ringer solution); () since
increasing [K*], or [Rb*], does not detectably alter 7, for inward currents, we
propose that the modulatory site is essentially always occupied by a permeant ion
under these conditions; and (¢) as a first approximation we assume that K* and Rb*
have the same affinity for the site, so the fractional occupancy by each cation is
directly proportional to its mole fraction in the bath. This model gives the predicted
7.1 vS. Rb™ mole fraction relationship shown in Fig. 11 B as a solid line, which is
drawn according to: 1, = 1/(fw Bre T+ fx Bx), where fg, and f are the mole fractions
of Rb* and K*, respectively, and By, and By are the closing rate constants when the
site is occupied by Rb* or K*, respectively, i.e., (14.2)”" and 1. The agreement of this
simple model with the data is remarkable. While any or all of the assumptions might
be incorrect, altering any of them would necessitate corresponding alterations in the
others in order to maintain the excellent fit to the data. This model does not make
any specific prediction about the relative conductance because the site is located
outside the single-file region of the pore. Na* and Li* apparently either cannot reach
the site or have a much lower afhnity for the site than do permeant ions, because
is the same in 4.5 mM K* (and 160 mM Na®) as in 160 mM K*, and in 5 or 10 mM
Rb* (with 160 mM Na* or Li*) as in 160 mM Rb*. Cs* apparently has a greater
affinity for the site than does NH; because in Cs-Ringer solution, outward tail
currents are slowed dramatically, while in NH,-Ringer outward tails are fast.
Vestibule site. The fit of the modulatory site model to the data in Fig. 11 B is
consistent with an external location for the site, since it apparently is occupied by K*
and Rb" in direct proportion to their mole fraction in the bath. The detectable effects
of the ion species carrying outward current on 7, (Figs. 8 B, 10, and possibly the
NH; effect in Fig. 6; see above: Sidedness of permeant ion effects) rule out an external
location distant from the pore; the site must be near enough to the outer mouth of
the pore that the local ion concentrations are significantly altered by outward tail
currents. When there is outward current the modulatory site in the outer antecham-
ber or vestibule apparently “sees” a mixture of the bath solution and the ionic species
carrying outward current. In considering such a possibility, the first question is
whether it is reasonable to expect that outward current through a single channel
could alter local ion concentrations sufficiently to produce the effects observed. We
ascribe the slowing of 7, positive to V,,, with 4.5 mM K" externally and 160 mM Rb*
internally (®, Fig. 8 B) to local accumulation of Rb* at the modulatory site. Assuming
that the slowing effect is dependent on the mole fraction of Rb* and not on absolute
concentration, we can estimate the local [Rb*] necessary to produce this slowing
using the theoretical relationship plotted in Fig. 11 B. In the cell illustrated in Fig.
8 B, the apparent Rb* mole fraction is 0.1 at —70 mV and increases progressively
with depolarization to 0.4 at —60 mV and 0.75 at —40 mV. These values correspond
to local [Rb*] of 0.4, 3.1, and 12.4 mM, respectively, estimated after correcting for a
slight reduction of [K*] due to displacement by [Rb*]. In two other experiments
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analyzed in this way similar results were obtained: the apparent local Rb" mole
fraction increased rapidly at potentials positive to V., to > 0.8 at 30 mV, correspond-
ing to absolute local [Rb*] approaching 20 mM.

The problem of local ion accumulation and depletion due to current flow through
a single ion channel has been considered for the case of a cylindrical channel opening
directly into a planar membrane/bath interface (Liuger, 1976). For example, for a
2-pA current, the concentration change is ~10 mM at the effective capture radius (r,,
the radius of the mouth of the channel minus the radius of the ion) of a channel with
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FiGURE 13. Calculated local concentrations of K* and Rb* in the vestibules of a hypothetical
type [ K* channel during a single channel current at —40 mV with 4.5 mM [K*], and 160 mM
[Rb*],. The model is described in detail in Methods. Identical vestibules are assumed at each
end of the single file region of the type { K* channel, with dimensions indicated in the inset (in
A). Distances are relative to the respective end of the pore (the dimensions of which are
irrelevant in these calculations), with the vestibule openings indicated by dashed vertical lines.
The component currents are 0.54 pA from the cell to the bath and —0.095 pA for bath-to-cell
current, which combine to give a net current of 0.445 pA, corresponding to a conductance of
10 pS. The concentration profile shown is after equilibration which takes ~40 ns.

alA 7,, but falls off rapidly with distance or for larger 7, (Barry and Diamond, 1984).
However, if the channel has an outer vestibule, then the ion species carrying outward
current would accumulate to a greater extent and the fall-off in concentration with
distance would be more gradual.

Model of vestibular modulatory site. To test more quantitatively the feasibility of a
vestibular location of the modulatory site, we used a simplified diffusion model,
illustrated in Fig. 13. We assume an identical vestibule of arbitrary dimensions (as
shown), at both ends of the channel pore. Calculations with no inner vestibule gave
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generally similar results. Diffusion is driven by current through the channel, which is
derived from component unidirectional currents calculated with the GHK. current
equation, and assuming a unitary conductance of 10 pS. Calculations assuming a flux
ratio exponent of 2.5, as found in squid axon K* channels (Hodgkin and Keynes,
1955; Begenisich and De Weer, 1980) gave quantitatively similar Rb* accumulation in
the outer vestibule, but somewhat steeper voltage dependence. Both the outward and
inward current are assumed to be carried in direct proportion to the local relative
concentrations of K* and Rb", i.e., in the compartments adjacent to the pore, with
[Rb*] scaled by 0.76 to account for its lower permeability. Thus, as Rb* accumulates
in the outer vestibule it contributes to the inward current component.

Fig. 13 illustrates the results of a calculation simulating the local accumulation of
ions during an outward tail current at —40 mV in 4.5 mM K* with 160 mM Rb*
internally (i.e., Fig. 8 B). The outer vestibule is divided into 30 compartments, each 2
A thick. The accumulation of Rb* is substantial, 13.3 mM in the first compartment,
with [K*] reduced to 3.77 mM due to the inward component of current, correspond-
ing to a Rb* mole fraction of 0.80. The Rb* mole fraction falls to 0.69 at 10 A from
the pore mouth, and to 0.5, 26 A away. In the experiment in Fig. 8 B, 7, for the
outward tail current at —40 mV in Ringer solution was 3.1 times slower than the
inward tail current in K-Ringer solution at —40 mV. Interpolating from the
theoretical curve in Fig. 11 B, this relative 1, is equivalent to a Rb* mole fraction of
0.73, which is comparable to calculated values in the first 10 A of the outer vestibule.
In spite of the many uncertainties involved, it seems that the slowing of 1, positive to
V.., under these ionic conditions can quantitatively be ascribed to local accumulation
of Rb™.

Analogous calculations were done for the case of 10 mM Rb* in the bath and 160
mM K* internally (compare Fig. 104). During calculated outward tail currents,
sufficient K* accumulated in the outer vestibule to lower 7, to near its value in
K-Ringer solution. The more dramatic effect of outward K* current on 7, compared
with the more subtle effect of outward Rb* current can be explained by the
mole-fraction relationship shown in Fig. 11 B. In the former case, a small accumula-
tion of K* would lower the Rb* mole fraction, greatly reducing 7, because the curve
is very steep at the high [Rb] end. Accumulation of a comparable mole fraction of
Rb* in the latter case would have a less pronounced effect, because 7., is not much
affected until the Rb* mole fraction becomes large. In both of these situations in
which the outward current carrier affects 7, the permeant ion concentration in the
bath is low, so that addition of a few millimolar permeant ion from the cell has a
substantial effect on the local mole fraction.

Limitations of the model and apologetics. Clearly this model is oversimplified in
many respects. () We do not know the actual inward and outward current fluxes; if
the local concentration changes proposed here take place to any extent, then they
essentially preclude using any simple model (GHK, Eyring, etc.) to calculate the
component ion fluxes because the concentrations at the mouths of the channels are
different from the bulk concentrations and depend on current magnitudes. (b) We do
not know that the modulation of 7, is strictly mole fraction dependent, and
concentration independent (i.e., that 7, is the same in 4 mM Rb*, 4 mM K" as in 80
mM Rb*, 80 mM K*). The similarity of 1, in low and high concentrations of either
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K" or Rb" supports this assumption but does not prove it. (¢) We consider only
diffusional effects, and neglect the voltage drop due to ion depletion/concentration
such as has been detected experimentally by Yellen (1984) for Ca®'-activated K*
channels. However, type [ channels, especially under the ionic conditions in which we
observe effects attributable to local permeant ion accumulation, carry much smaller
currents than do Ca**-activated K™ channels. Furthermore, Liuger (1976) has shown
that when there is a large concentration of impermeant co-ion, as in the present case
with 4.5 mM K* permeant and 160 mM Na' impermeant, or with 10 mM Rb*
permeant and 150 mM Li" impermeant, the diffusional gradient becomes much
more important than the electrical potential gradient. (d) We do not consider the
consequences of interactions between ions and the vestibule walls (as in Dani, 1986).
The binding of a permeant ion to a vestibular modulatory site, as proposed here,
would itself be an example of such an interaction. (¢) Similarly, we do not consider
possible effects of fixed charges in the vestibule on local ion concentrations.
Anderson (1983) proposed the existence of fixed negative charges in the antecham-
ber of K* or Na* channels as a means of enhancing their unitary conductance. Jordan
(1987) has calculated that a single fixed negative charge near the channel mouth can
increase local cation concentrations dramatically (1.8-fold or more, depending on the
geometry involved), accounting for the large conductance of Na* channels at very low
concentrations (Cai and Jordan, 1990). For the vestibule dimensions and the single
channel conductance in our calculations (Fig. 13), [K"] in the outer vestibule is
completely depleted at large negative potentials. This result suggests that fixed
negative charges in the type [ vestibule may be required, although it could also be
argued that our choice of vestibule dimensions or other assumptions are incorrect. In
conclusion, in spite of uncertainties and simplifying assumptions involved, calcula-
tions with this model support the idea that the large concentration changes required
to account for our data can occur at a site within the outer vestibule of the type [ K*
channel.
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