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The Multi-lon Nature of the Pore in Shaker K* Channels

Patricia Pérez-Cornejo and Ted Begenisich
University of Rochester Medical School, Department of Physiology, Rochester, New York 14642 USA

ABSTRACT We have investigated some of the permeation properties of the pore in Shaker K channels. We determined the
apparent permeability ratio of K*, Rb*, and NH; ions and block of the pore by external Cs* ions. Shakerchannels were expressed
with the baculovirus/Sf9 expression system and the channel currents measured with the whole-cell variant of the patch clamp
technique. The apparent permeability ratio, Pg,/Py, determined in biionic conditions with internal K*, was a function of external
Rb* concentration. A large change in Pg,/P, occurred with reversed ionic conditions (internal Rb* and external K*). These
changes in apparent permeability were not due to differences in membrane potential. With internal K*, P, /P, was not a function
of external NH,* concentration (at least over the range 50-120 mM). We also investigated block of the pore by external Cs*
ions. At a concentration of 20 mM, Cs* block had a voltage dependence equivalent to that of an ion with a valence of 0.91;
this increased to 1.3 at 40 mM Cs*. We show that a 4-barrier, 3-site permeation model can simulate these and many of the
other known properties of ion permeation in Shaker channels.

INTRODUCTION

One result of mutagenesis experiments of cloned ion channel
proteins is the identification of some of the amino acids in-
volved in the permeation process. In voltage-gated K chan-
nels, for example, a segment of amino acids connecting the
fifth and sixth putative membrane-spanning domains con-
tains residues that control binding of internal and external
tetracthylammonium ions (MacKinnon and Yellen, 1990;
Yellen et al., 1991), block by external charybdotoxin (Mac-
Kinnon et al., 1990), and are involved in determining ion
selectivity (Yool and Schwarz, 1991; but see Heginbotham
et al., 1992; Kirsch et al., 1992). Although the S5-S6 linker
region may form the core of the channel pore, amino acids
from other locations appear to contribute to the permeation
process (Choi et al., 1993; Isacoff et al., 1991; Kirsch et al.,
1992; Kirsch et al., 1992).

The permeation properties of many K channels are quite
complex, and many of these properties can be understood if
the pore of these channels may be simultaneously occupied
by more than one ion (Hille and Schwarz, 1978). Hallmarks
of such multi-ion pores include: (1) ion permeability ratios
that depend on ion concentration; (2) pore block by ions with
a voltage dependence that is a function of the concentration
of the permeant or blocking ion; (3) pore current (or con-
ductance or permeability ratio) that is a nonmonotonic func-
tion of the mole fraction of two ions (the “mole fraction
effect”); and (4) deviations from the Ussing flux ratio equa-
tion. Although many native K channels, especially the de-
layed rectifier channel in squid axons, exhibit many, if not
all, of these properties (Hodgkin and Keynes, 1955; Adelman
and French, 1978; Begenisich and De Weer, 1980; Wagoner

Received for publication 31 January 1994 and in final form 21 March 1994.

Address reprint requests to Ted Begenisich, Department of Physiology,
Box 642, University of Rochester Medical Center, 601 Elmwood Avenue,
Rochester, NY 14642-8642. Tel.: 716-275-3456; Fax: 716-273-2388/461-
3259; E-mail: 71732.344@compuserve.com.

© 1994 by the Biophysical Society

0006-3495/94/06/1929/10  $2.00

and Oxford, 1987), only recently have cloned K channels
been subject to these tests.

Heginbotham and MacKinnon (1993) found that the pore of
the Shaker K channel exhibits an anomalous mole fraction effect
of single channel current with external NH; and K*. Newland
et al. (1992) found that external and internal TEA ions are mu-
tually antagonistic in some cloned channels including Shaker.
Such an interaction between internal and external ions is another
property consistent with multi-ion pores.

To examine more fully the permeation properties of
Shaker channels, we have examined the concentration de-
pendence of the permeability ratio for K*, Rb*, and NH;
ions and the voltage dependence of pore block by external
Cs* ions. Our results indicated that ion permeation in Shaker
K channels appeared to have many of the properties con-
sistent with multi-ion pores. In an effort to simulate these and
other Shaker channel permeation properties, we include
computations from a multi-ion permeation model. Some of
these results have been published in abstract form (Perez and
Begenisich, 1992).

MATERIALS AND METHODS
Expression system

Drosophila Shaker (H4) K channels were expressed with the baculovirus
(Autographa californica), insect (Spodoptera frugiperda) cell line, $19, sys-
tem (Klaiber et al.,, 1990). We used standard methods for growing and
maintaining cells and for propagating the recombinant virus (Summers and
Smith, 1987). Cells to be used for electrophysiological recording were
grown on glass coverslips and were used about 48 h after viral infection.

K channel currents from Sf9 cells were obtained with the whole cell
configuration of the patch clamp technique. Because of the large size of the
currents expressed in the Sf9 cells, we used a circuit of our own design that
allowed compensation for 92-95% of the measured series resistance (Spires
and Begenisich, 1992). When filled with internal solution, the patch elec-
trodes (usually fabricated with Corning #8161 glass, Garner Glass, Clare-
mont, CA) had resistance values of 1-2 MQQ.

Membrane currents were acquired with a 12 bit analog/digital converter
controlled by a laboratory personal computer. The voltage-clamp pulses
were generated by a 12 bit digital/analog converter controlled by the com-
puter system. The macroscopic current records were usually blanked for
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about 35 us, eliminating all or most of the capacitative transient (Spires and
Begenisich, 1989). In some experiments, residual linear capacity and leak-
age currents were subtracted using a P/4 procedure (Bezanilla and Arm-
strong, 1977). Currents were filtered at S kHz with a four-pole Bessel filter.
All experiments were performed at room temperature (22—24°C). All volt-
ages were corrected for measured liquid junction potentials.

Solutions

The standard external solution for determinations of ion selectivity con-
tained 10 mM KCl, 122 mM NaCl, 5 mM MgCl,, 4 mM CaCl,, 5 mM
Glucose and was buffered with 10 mM MOPS to pH 7.2. The rest of the
external solutions used contained different XClI (X = K*, Rb*, NH}) con-
centrations that were achieved by equimolar substitution with NaCl.

The standard internal solution contained 60 mM KF, 50 mM KCl, 1 mM
MgCl,, 10 mM EGTA and was buffered with 10 mM MOPS to pH 7.2. The
pH was adjusted with KOH, giving a final 134 mM KCl concentration. The
rest of the internal solutions were buffered with 10 mM MOPS and the pH
adjusted to 7.2 with TMA-OH. The low K* internal solution contained 10
mM KCl, 45 mM HCl, 60 mM HF, 99 mM TMA-OH, 1 mM MgCl, and
10 mM EGTA (pH 7.2). The internal Rb-containing solution consisted of
50 mM RbCl, 60 mM RbF, 1 mM MgCl,, 10 mM EGTA, and 10 mM MOPS.
The pH was adjusted to 7.2 with TMA-OH.

To minimize possible Ca”* block of Shaker channels, (Gomez-Lagunas
and Armstrong, 1993), the Cs* block experiments were done in an external
solution with reduced Ca?*. The control solution contained 100 mM KCl,
35 mM NaCl, 2 mM CaCl,, 5 mM MgCl,, and 5 mM glucose; the NaCl and
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glucose concentrations were adjusted to produce 10 mM and 40 mM CsCl
of similar osmotic and ionic strength. The 100 mM K* internal solution used
in these experiments contained 100 mM K aspartate, 1 mM MgCl,, and 65
mM glucose.

Analysis

For most of the experiments reported here, a double voltage pulse protocol
was used with a holding potential of —100 mV. The first pulse opened
channels, and the second allowed recording of tail currents at various po-
tentials (see Fig. 1 for more details). The tail currents were fit with an
exponential time function to determine the zero time or instantaneous cur-
rent. In some cases, a single time point during the tail current was used to
obtain isochronal current-voltage relations.

The purpose of one type of experiment was to determine the apparent
permeability of K* and a test ion (Rb* or NHY) in biionic conditions. This
was done using a form of the Goldman (1943) Hodgkin and Katz (1949)
equation

v =R, P—"[x]", Q)
= F " PK]

where V__ is the zero current or reversal potential; P, and Py are the per-

meabilities of ion X* and K*, respectively; [X], and [K]; are the external

and internal concentration of ion X* and K*, respectively. RT and F have

their usual thermodynamic meanings. Concentrations, rather than activities,

were used in this computation because the internal and external solutions
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FIGURE 2 Isochronal current-voltage relations with external Rb* and
internal K*. Isochronal currents (see Materials and Methods) obtained at the
indicated voltages with 30 mM (O) and 122 mM (@) external Rb. Intra-
cellular K* was 134 mM. The lines are third order polynomial fits to the
data and were used to obtain the interpolated reversal potential values.

had rather similar ionic strengths. A modified form of Eq. 1 was used for
experiments in which the biionic conditions were reversed (K* internal and
test cation in the bath solution).

Another series of experiments was designed to examine Shaker chan-
nel block by external Cs* ions. Instantaneous currents were obtained as
described above, and the fraction of channels NOT blocked by Cs* was
estimated as the ratio of current in the presence of Cs* to that in the
absence. The quantitative analysis of the voltage dependence of block
included use of the following equation:

1
FNB = .®
i [Csl,

286 — 1)V F 8V, F
a exp T RT + bexp R

This equation is a form of the more general equation developed by
Woodhull (1973) for describing H* ion block of Na channels. In Eq. 2
FNB is the fraction of channels not blocked by the given concentration
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of external Cs* ([Cs],). The degree of voltage dependence is controlled
in this equation by the parameter 8, which in Woodhull’s model (for
monovalent blocking ions), represents the fraction of the membrane
electric field traversed by the blocking ion in reaching its binding site.
For monovalent cations, this parameter is equivalent to the “effective
valence” of the blocking particle (Hille and Schwarz, 1978). The pa-
rameters @ and b in this model are voltage-independent and are related
to the affinity of the blocking ion for its binding site and its ability to
permeate the pore.

4-Barrier 3-site multi-ion permeation model

We show (see Discussion) that many of the properties of ion permeation and
block of the pore in Shaker K channels can be simulated by a 4-barrier 3-site
permeation model. As described in Discussion, we chose to model ion per-
meation with the rate theory approach of Eyring et al. (1949). Mathematical
details for a 2-site version of this model can be found in Begenisich and
Cahalan (1980a), and some of the general properties of the 3-site version
can be found in Begenisich and Smith (1984). In the model computations,
jon activities, rather than concentrations, were used.

RESULTS

The Shaker K channel reversal potential, V., in solutions
containing only Na* and K* ions was approximately the
same as the K* Nernst potential. This result is illustrated in
Fig. 1. The inset shows an example of Shaker K channel
currents obtained in 10 mM external K* with 134 mM in-
ternal K*. Tail currents were recorded at several voltages
after channel activation by a 4-ms pulse to +37 mV. In-
stantaneous or isochronal currents were obtained at the vari-
ous test voltages, and the zero current voltage was deter-
mined from these values by interpolation. The main part of
Fig. 1 illustrates the dependence of the reversal potential on
external K*.

Shown in this figure are the reversal potentials determined
at various external K* concentrations and the standard de-
viations of these observations. The number of experiments
are indicated near the data points. The dashed line has the
slope expected from the Nernst potential for K* ions
(a straight line in this semi-log plot). This result indicates that
Na* ions are negligibly permeant in Shaker K channels.

TABLE 1 lon concentration dependence of the Shaker channel
P, /Py
Internal K External K
Ion (X) 134 mM 10 mM 10 mM 90 mM
30 mM external Rb 1.02 *+ 0.01 (6) 0.92 £0.05(7) — —
[-37 mV] (25 mV]
122 mM external Rb 0.89 * 0.01(7) 0.95 * 0.08 (6) —_ —
[—5 mV]

110 mM internal Rb —
50 mM external NH, 0.115 = 0.006 (3)
[-79 mV]
0.112 *+ 0.004 (3)
[-57 mV]

120 mM external NH,

[61 mV]

0.58 + 0.01 (6) 0.68 + 0.01 (2)
[-47 mV) [4.3 mV]

Permeability ratios determined as described in Materials and Methods. Mean values * SE of the mean (number of experiments). The mean measured reversal

potentials are given in brackets below each permeability ratio.
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FIGURE 3 Isochronal current-voltage relations with external K and in-
ternal Rb. Isochronal currents obtained at the indicated voltages with 10 mM
(O) and 90 mM (@) external K*. Intracellular Rb* was 110 mM. The lines
are third order polynomial fits to the data and were used to obtain the
interpolated reversal potential values.

Shaker K channel V., in biionic conditions:

internal K*, external Rb*

Fig. 2 shows instantaneous current voltage relations obtained
with 30 mM (open circles) and 122 mM (filled circles) ex-
ternal Rb* with an internal K* concentration of 134 mM. As
expected for a permeant ion, increasing the external Rb*
concentration increased the inward current at negative volt-
ages and shifted the zero current potential to more positive
values. Equation 1 was used to determine apparent Pp, /Py
values of 1.06 and 0.93 for 30 and 122 mM external Rb™,
respectively. Similar results were obtained from several
other experiments, and these are summarized in Table 1.

14 -
12
FIGURE 4 Reclative Rb permeability in different [
ionic conditions. Py /Py values in the indicated con- £
ditions are displayed as a box plot. The mean values g 1.0 +
are indicated by W, the median values by the hori- Q
zontal line through the box. The box encloses the g i
25-75 data percentile; the vertical lines of each box %’
delineate the Sth to 95th percentile. The data 2 08
marked by * are significantly different than the %
value in 30 mM Rb_//134 K, at p < 0.001. 14 -
0.6 |-

0.4 30mMRb,* 122mMRb," 30mMRb,* 122mM Rb,*

134 mM Internal K*

=
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Shaker K channel V., in biionic conditions:
internal Rb*, external K*

Fig. 3 shows current voltage relations with the ion gradient
reversed from that of Fig. 2. In the experiment illustrated in
Fig. 3, Rb* was the only permeant ion inside the cell, and K*
was the only external permeant ion. As for the data of Fig. 2,
we computed the apparent permeability ratio from the values
of V., and obtained values of 0.63 and 0.72 for 10 and
90 mM K, respectively. Data from several such experiments
are included in Table 1, and these show that the apparent
Py /Py 1atio was substantially smaller with external K* and

internal Rb* compared with the reversed ion gradient.

Shaker K channel V., in other biionic conditions

We also determined the apparent P /Py ratio with external
Rb* and reduced levels of intracellular K*. These values,
summarized in Table 1, were similar to those obtained
with 134 mM internal K*. The low concentration of in-
tracellular K reduced the magnitude of channel current
and so made determining the reversal potential more dif-
ficult. This difficulty is reflected in the larger SE values
for V., in Table 1.

The Py, /Py data of Table 1 are summarized graphically by
the box plot of Fig. 4. The apparent permeability ratio,
Py./Py, was near 1.0 with 30 mM external Rb* and 134 mM
internal K*. The ratio was slightly (but significantly, see
figure legend) reduced when external Rb* was increased to
122 mM. The scatter in the data (due to the small currents)
with low internal K* prohibits a determination of any sta-
tistically significant changes produced by external Rb* in
these conditions. The apparent Pg, /P, value was substan-
tially (and statistically significantly) reduced under condi-
tions with external K* and internal Rb*.

We also determined the apparent permeability for NH; for
two concentrations of external NH,* with 134 mM internal
K*. These values are included in Table 1. Under these con-

10 mM Internal K* 110 mM Internal Rb*

|
N

T g

90 MMK," 10 mMK,*
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FIGURE 5 Block of Shaker channels by external Cs*. (A) Instantaneous current-voltage relations before (M), during (O), and after (A) exposure to
40 mM external Cs*. The external solution also contained 100 mM K; and the pipette also contained 100 mM K. (B) Voltage dependence of Cs* block.
The ordinate is the ratio of the current in the presence of 40 mM Cs* and the control current (from A).

ditions, NH; appeared much less permeant than Rb*, and the
Py /Py ratio did not change with the concentration of ex-
ternal NH; .

Cs* block of Shaker K channels

The data in Fig. 5 A show that external Cs™ is a reversible
blocker of Shaker K channels. Shown are Shaker channel
instantaneous current voltage relations before (filled
squares), during (open circles), and after (filled triangles)
the application of 40 mM external Cs* in a 100 mM K*
solution (with 100 mM internal K). The presence of external
Cs* reduced the magnitude of the currents in a voltage-
dependent manner. The increase in current in the presence of
Cs* at very negative potentials reflects the small permeabil-
ity of this cation in Shaker channels (Heginbotham and
MacKinnon, 1993).

An estimate of the voltage-dependent fraction of channels
not blocked by Cs* may be obtained from the ratio of current
in the presence of Cs* to current in the absence. This ratio
(for the data of Fig. 5 A) is shown as a function of membrane
voltage in Fig. 5 B. These data show that Shaker channels
were blocked by Cs™ in a voltage-dependent manner. Similar
data from several other experiments are illustrated in Fig. 6.

Fig. 6 shows block of Shaker channels by 10 mM ( filled
squares) and 40 mM (filled circles) external Cs*. Certainly,
there was more block at the higher Cs* concentration, but the

08

06 |-

= 10mMCs*
e 40mMCs*

Fraction Not Blocked

02}

ookL
L s 1 ) ! 2 1 1 )

-150 -125 -100 -75 -50 -25 0 25 50
Vi (MV)

FIGURE 6 Voltage-dependent block of Shaker K channels by external
Cs™. The voltage dependence of the fraction of channels not blocked by 10
mM (W) and 40 mM (@) external Cs*. Data from four experiments in each
Cs* concentration with SE limits. Even small differences in the reversal
potential can produce large errors in estimating channel block. To reduce
this source of error, some data in the presence of Cs* have been shifted
(always by less thar 1 mV). The lines are nonlinear fits of Eq. 2 to the data
with values of 8 of 0.91 and 1.3 for 10 mM and 40 mM Cs*, respectively.
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data also suggest that block was more voltage-dependent.
The use of Eq. 2 (see Materials and Methods) allows a
quantitative assessment of the voltage dependence of
block. The solid lines in Fig. 6 are fits of Eq. 2 to the data
and have & values of 0.91 and 1.3 for 10 and 40 mM Cs*,
respectively. Thus, the voltage dependence of external Cs*
was a function of Cs* concentration, and at 10 mM, the
ions apparently bound to a site about 90% across the mem-
brane electric field. In 40 mM Cs*, the blocking ions ap-
parently moved 130% across the field. This nonsensical re-
sult is likely the result of multi-ion behavior of the Shaker
pore. In multi-ion pores, block involves the voltage-
dependent movement of the blocking ion to its binding site
and the voltage-dependent movement of any permeant
ions that are in the way.

DISCUSSION

We found that the apparent permeability ratio, Py, /Py, of the
pore of the Shaker K channel had a value of 0.89 with 134
mM internal K* and 122 mM external Rb*. There are no
published reports of values obtained under identical ionic

Volume 66 June 1994

conditions. However, Yool and Schwarz (1991) and Hegin-
botham and MacKinnon (1993) found values of 0.55 and
0.66, respectively, with approximately 100 mM cations. Al-
though our result under similar conditions is rather larger
than these two values, the data in Table 1 and Fig. 4 show
that ionic conditions influenced the apparent permeability
ratio. We found that, with 134 mM internal K*, a decrease
in external Rb™ to 30 mM increased P, /Py by a statistically
significant amount to a value over 1. We also found that the
apparent permeability ratio could be as low as 0.58 with 10
mM external K* and 110 mM internal Rb*. The
concentration-dependent changes of the apparent Rb* per-
meability of the Shaker channel are quite similar to those in
the delayed rectifier K channel of squid axons (Wagoner and
Oxford, 1987).

NH; ions appeared to be much less permeant than Rb*
ions. Our values of Py, /Py were about 0.11 with 134 mM
internal and were independent of external NH; concentration
over the range investigated (50-120 mM). This value is the
same as that obtained by Yool and Schwarz (1991) for Shaker
channels under similar ionic conditions. It is also within the
range 0.09-0.16 reported by Heginbotham and MacKinnon

P-region

S5-P linker / 8 barrel S4-S5 linker

FIGURE 7 (Upper) Pictorial representation of lon-
gitudinal cross section through Shaker pore. The resi-
due numbers are below the circled amino acid letters.
The order of amino acids is not sequential because two
of the four channel subunits in the $ barrel are visible
in this cross section (Bogusz et al., 1992). (Lower) K*
ion free energy as a function of electrical distance. The
first energy minimum was taken to be associated with
D447 and placed at an electrical distance of 0.2. The
first barrier was associated with the bulky F433 and
placed equidistant between the external solution and the
position of the first well. The second barrier was iden-
tified with the large nonpolar side chain of W435 and
the large (polar) Y445 residue. The second well was
located in the vicinity of T441 at an electrical distance
of 0.7. The last well was located at a position equidis-
tant between the second well and the internal solution
(i.e., at 0.85). All barriers were located equidistant be-
tween adjacent minima. The energy maxima were 9.5,
10, 11, and 10 RT (RT = 583 cal/mol) from outside to
inside; the energy minima were —2, 0, and —0.5 RT.
Negatively charged aspartate (D) residues are indicated
by a small circle containing a “minus” sign; positively
charged arginine (R) by a circle with a small “plus”
sign.

ouT

Energy (RT)
H

L i 1 A 1 4

0.0 0.2 0.4 0.6 08 1.0
Fractional electrical distance




Pérez-Cornejo and Begenisich Permeation in Shaker K* Channels 1935

4r A &2 50 —B

3 °c':"

099:_.':. o *

FIGURE 8 Model simulations of Shaker channel cur- 2+ 993.':.-" 40
rent dependence on K* activity. (A) Current-voltage ,;_'-:."
relations computed from the multi-ion permeation 1F " “.00"'. a
model with the parameters for K ions of Fig. 7. The —_ ot 230} L
computations were designed to simulate the experimen- é 0 o
tal results of Heginbotham and MacKinnon (1993) and = - .:::85 = ®
so were done for symmetrical K* concentrations of the O T e o A 43mM 5
activities indicated. The symbols used are the same as 5 AAA‘ R .;‘ e 73mM -g 20
in Fig. 1 of Heginbotham and MacKinnon (1993). O 2 '.: .;ég ¢ 206 mM 5
(B) Zero voltage slope conductance (from the data of A) O T » 325mM ()
as a function of K activity. The symbols represent the B .e’s' v 605mM 10}
experimental data of Heginbotham and MacKinnon 8§§' o 1.15M
(1993). The line is the model simulation. -4 —035'

-5 A ok

L A | L 1 1 1 1 1 [\ 1 1 1 1 A1 J
-100-76 -50 -256 0 25 80 75 100 00 02 04 06 08 10 12
Vp, (MV) K* Activity (M)

(1993) for normal (external NH;; internal K*) and reversed
ion gradient, respectively. These values are rather similar to
those of the delayed rectifier K channel of squid axons (Wag-
oner and Oxford, 1987). Py, /Py in this preparation changes
only slightly with external NH; over the concentration range
from 0.2 to ~0.5 M.

A concentration-dependent permeability ratio is often con-
sidered to be a manifestation of a multi-ion pore. However,
changing ion concentration generally changes the pore re-
versal potential from which the apparent permeability ratio
is computed. The apparent permeability of one-ion pores
may be voltage-dependent (Hille, 1975) and so indirectly a
function of ion concentration. Such a mechanism seems not
to apply to the apparent Rb/K permeability ratio in Shaker
channels as indicated by the data in Table 1. The maximum
and minimum values of Py, /P, occurred under conditions in
which the V,_, values were within 10 mV of each other. In

ev

other ionic conditions, the V,, values were as much as 100
mV different but with very similar values of Pg,/Py. Thus,
it seems that the observed changes in apparent permeability
ratio were indeed due to ion concentration differences, not
voltage differences.

Multi-ion pores may also exhibit unusual properties of ion
blockade. The voltage dependence of block may change with
ion concentration, and the apparent blocking valence may
exceed the valence of the blocking ion (e.g., see Hille and
Schwarz, 1978). We found that Cs* block of the pore in
Shaker K channels exhibits both of these properties. In 10
mM Cs*, the voltage dependence of block was consistent
with an effective valence of 0.91. This value changed in 40
mM to a value of 1.3—larger than the valence of Cs* itself.

Our observations of Cs* block of Shaker K channels are
very similar to the findings of Adelman and Fench (1978) for
Cs* block of squid axon K channels. They reported that the
effective blocking valence increases monotonically from 0.6
at 5 mM Cs*, to 1.0 at 20 mM, and reached 1.3 at 200 mM.

A multi-ion permeation model

Because permeation through the pore of Shaker channels has
many of the properties consistent with multi-ion pores, it
would be useful to attempt to account for these properties
with a specific permeation model. In so doing, several de-
cisions need to be made. The first of which is what math-
ematical formalism to use. In past modeling efforts, two gen-
eral approaches have been used: (1) continuum diffusion
theory (e.g., see Cooper et al., 1988a, b; Levitt, 1986; Chen
et al., 1992); and (2) a more discrete approach using tran-
sition state (or Eyring rate) theory (e.g., see Eyring et al.,
1949; Hille, 1975; Hille and Schwarz, 1978; Begenisich and
Cahalan, 1980a, b). In the model to be developed here, we
have chosen to use the rate theory approach.

The first requirement for a rate theory model is the choice
of the number of ion binding sites. The experimental data
most useful in determining the number of sites are the flux-
ratio exponent (Hodgkin and Keynes, 1955). Such data are
not available for Shaker K channels, but the voltage-gated K
channels in cuttlefish (Hodgkin and Keynes, 1955) and squid
axons (Begenisich and De Weer, 1980) appear able to ac-
commodate simultaneously at least three ions. For the analy-
sis presented here, we use a 4-barrier 3-site model.

The available data on permeation through the Shaker pore
do not provide sufficient information for determining a
unique model for permeation. Indeed, without specific data
on pore structure, all mathematical models will be found
wanting. Nevertheless, it should still be instructive to ex-
amine what types of parameters are consistent with the avail-
able data. As a starting point, we used K* ion parameters
(free energy barriers and wells, and barrier and well spacing)
very similar to those of Begenisich (1994). These are illus-
trated in the lower part of Fig. 7. The positions of the energy
minima and maxima of this energy profile were chosen (see
figure legend) to approximate conditions that might be ap-
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FIGURE 9 Simulation of Cs* block of Shaker K 0
channels. (A) Computed current-voltage relations in

the absence ( ) and presence of 10 mM (- - -) and

40 mM (- - - -) external Cs* with a symmetrical K* A -
concentration of 100 mM. For the computations, the
ion concentrations were converted to activities using an
activity coefficient of 0.8. The K* ion energy profile
was that of Fig, 7; the Cs* ion energy maxima were (out
to in) 12.2, 11, 16.2, and 17.5 RT, and the energy
minima were 1, 0, 0 RT—all located at the same po-
sition as the K* parameters. (B) Simulated fraction of
channels not blocked by 10 mM (- - ) and 40 mM
(- - - -) Cs*. The ordinate was computed from the ratio
of the currents in the presence of Cs* to control values
from A.

2k

Current (pA)

sL

propriate for a (3 barrel configuration of the core pore region
(Bogusz et al., 1992; see also Durrell and Guy, 1992; Bogusz
and Busath, 1992) and other regions of the channel that may
be involved in permeation (see Begenisich, 1994).

The magnitude of the barriers and wells of Fig. 7 were
chosen to simulate the single Shaker channel current-voltage
relation determined with symmetrical 100 mM K* concen-
trations (MacKinnon and Yellen, 1990). Heginbotham and
MacKinnon (1993) have extended such measurements to in-
clude a range of K* activities from 43 mM to 1.15 M. Fig. 8
A illustrates the simulated current-voltage relations of the
model of Fig. 7. Heginbotham and MacKinnon (1993) noted
that at low concentrations, the Shaker channel had inward
rectifying properties but displayed more linear current-
voltage relations with increased K* concentration. This fea-
ture is reproduced in the model simulations of Fig. 8 A.

Model current voltage relations and K
concentration-dependent conductance

Heginbotham and MacKinnon (1993) found that the Shaker
channel slope conductance (measured at 0 mV) saturated at
high K* activity. The results presented in Fig. 8 B show that
this feature of Shaker permeation is reproduced by the model.
The symbols are the slope conductance values taken from
Heginbotham and MacKinnon (1993). The model conduc-
tances (line) are quantitatively similar to the measured values
and have a qualitatively similar saturation with increasing K*
activity. Heginbotham and MacKinnon (1993) did not ob-
serve a decrease in Shaker channel conductance at high K*
activity. Such a decrease is an expectation of multi-ion per-
meation (Hille and Schwarz, 1978) and has been observed in
the squid axon K channel (Wagoner and Oxford, 1987). The
model predicts a small decrease in conductance at the largest
K* activity. The predicted decrease may be too small to have
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been detected by Heginbotham and MacKinnon (1993) but
suggests that the decrease could be observed if the experi-
mental concentration range can be extended.

Inspection of the simulated current-voltage relations of
Fig. 8 A demonstrate a subtle, but clear prediction of the model.
At large, positive potentials, the current in 1.15 M K™ is slightly,
but consistently larger than the currents in 605 mM K*. And yet,
at very negative potentials, the current in 1.15 M K* is less that
in 605 mM. Although not explicitly noted by Heginbotham and
MacKinnon (1993), their data show a similar effect.

Model selectivity simulations

To predict the apparent permeability ratio for Rb* and K*,
an energy barrier profile for Rb* is needed. There is rather
little information on Rb* permeation through Shaker chan-
nels and so determining Rb* barriers and wells is more dif-
ficult than for K*. We used Rb* barriers of 7, 10, 12, and 7RT
(outside to inside) and well depths of —4, —1, and —3.5 (all
located at the same position as K ion barriers and wells) to
simulate our Py, /Py data. With these parameters for Rb* and
the K* energy profile of Fig. 7, a Py, /P, value of 1.03 is
computed in 30 mM external Rb* and 134 mM internal K*.
This compares quite well with the measured value of 1.02
(Table 1). The smallest value of apparent Py, /P, was 0.58
(Table 1) in 10 mM external K* and 110 mM internal Rb*.
The model simulation was 0.63 in these conditions, about
10% larger than the experimental value.

The Rb* energy profile used was successful in simulating
our measured apparent permeability ratios. This same profile
predicts inward Rb* currents (in 100 mM Rb*) of 0.5 to 0.6
PA (near —100 mV) that are in general agreement with the
data of Yool and Schwarz (1991) and Heginbotham and
MacKinnon (1993). However, this profile also predicts
strong inward rectification with outward currents only near
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0.2 pA (near +80 mV), whereas the data of Heginbotham and
MacKinnon (1993) show that the Rb* current-voltage rela-
tion is nearly linear. More data on Rb™ permeation (e.g., with
elevated Rb* concentrations) may help to refine the Rb*
energy profile to provide a more accurate simulation of the
experimental data. In particular, it is necessary to know if
the barriers and wells for Rb™ (and other permeant ions) are
located at the same position as are the K* energies.

Model simulations of Cs* block

We next attempted to determine whether the model could
simulate the observed Cs* block of Shaker K channels. The
computations illustrated in Fig. 9 show that the model was
able to reproduce this aspect of permeation in the Shaker K
channel pore. The model parameters for K* ions are those of
Fig. 7, and the Cs* ion parameters are listed in the legend of
Fig. 9. Part A of this figure shows simulated current-voltage
relations in the absence (solid line) and the presence of
10 mM (dotted line) and 40 mM (dashed line) external Cs™.
The control and 40 mM simulations are quite similar to the
data illustrated in Fig. 5 A. We computed the fraction
of channels not blocked from the currents of Fig. 9 A, and
these are shown in part B of the figure. The simulations of
Fig. 9 A appear quite similar to those of Fig. 6, including the
steeper voltage dependence of block in the higher Cs* con-
centration.

Limitations of the model

Although the computations for the model were reasonably
successful in simulating much of the experimental data (es-
pecially on K* permeation), the particular model parameters
likely are not unique. For example, a very different set of K*
and Cs* energy profiles have been used to simulate some of
the properties of permeation through the pore of squid axon
K channels (Begenisich and Smith, 1984). A notable dif-
ference between the two models is the inclusion of ion-ion
repulsion in the model of Begenisich and Smith (1984). Al-
though there is evidence that this phenomenon may exist in
Shaker channels (Newland et al., 1992), more experiments
are needed on this issue.

In the model used here, we chose not to include the ad-
ditional parameter of ion repulsion. Furthermore, we chose
the spacing of the barriers and wells to approximate a par-
ticular (B-barrel) model of pore structure and made no effort
to obtain a “best-fit” set of parameters. Nevertheless, with the
K" parameters chosen, we were able to duplicate with sur-
prising accuracy all of the available K* permeation data,
including a rather subtle asymmetry in the dependence of
inward and outward currents on K concentration. The suc-
cess of these simulations suggests that it could be worthwhile
to attempt to determine whether the predicted decrease in K*
conductance at high K* concentrations actually occurs.

But the modeling effort also underscores the need for more
experimental data. As described above, the issue of ion-ion
repulsion within the pore needs more extensive study. Flux
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ratio exponent data for K* (and for Rb*!) would be invalu-
able in setting constraints on the number of ions in the pore
and providing additional information on the energy profile.
Experiments also need to be designed to address the issue of
whether, for example, a barrier for one ion is located at the
same position as that of another ion. Although obtaining such
experimental data may lead to more refined models, the
results presented here show that the pore of Shaker K
channels has multi-ion characteristics and that these char-
acteristics can be simulated by a 4-barrier 3-site model for
ion permeation.
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