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ABSTRACT Many ion channels have wide entrances that serve as transition zones to the more selective narrow region of
the pore. Here some physical features of these vestibules are explored. They are considered to have a defined size, funnel
shape, and net-negative charge. Ion size, ionic screening of the negatively charged residues, cation binding, and
blockage of current are analyzed to determine how the vestibules influence transport. These properties are coupled to an
Eyring rate theory model for the narrow length of the pore. The results include the following: (a) Wide vestibules allow
the pore to have a short narrow region. Therefore, ions encounter a shorter length of restricted diffusion, and the channel
conductance can be greater. (5) The potential produced by the net-negative charge in the vestibules attracts cations into
the pore. Since this potential varies with electrolyte concentration, the conductance measured at low electrolyte
concentrations is larger than expected from measurements at high concentrations. (c) Net charge inside the vestibules
creates a local potential that confers some cation vs. anion, and divalent vs. monovalent selectivity. (d) Large cations are
less effective at screening (diminishing) the net-charge potential because they cannot enter the pore as well as small
cations. Therefore, at an equivalent bulk concentration the attractive negative potential is larger, which causes large
cations to saturate sites in the pore at lower concentrations. (¢) Small amounts of large or divalent cations can lead to

misinterpretation of the permeation properties of a small monovalent cation.

INTRODUCTION

Since the pioneering work of Hodgkin and Huxley (1952),
there has been an increasingly rapid growth in our knowl-
edge of ion channels (see Hille, 1984 book). Biochemists
have recently provided the complete amino acid sequences
of the Na channel (Noda et al., 1984) and the acetylchol-
ine receptor (Noda et al., 1983), and biophysicists have
directly revealed single-channel properties with patch-
clamp techniques (see Sakmann and Neher, 1983 book).
The union of these two disciplines holds great promise, and
is already giving unprecedented information correlating
structure and function (Mishina et al., 1985; White et al.,
1985).

Ion permeation models also have progressed to describe
more detailed structural and electrophysiological data.
Eyring rate theory and continuum approaches based on the
Nernst-Planck differential equation have long provided
quantitative methods for analyzing and describing ion
transport. Recently, more sophisticated models have
addressed physical properties of the system. Continuum
modeling has been extended to examine ion interactions
within the channel (Levitt, 1982). To approximate gross
structures, shape has been introduced into rate-theory
barriers and wells (Eisenman et al.,, 1985). Molecular
motions of the channel have been modeled to influence ion
transport via time-dependent fluctuations in the energy
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profile (Frehland, 1979; Lauger et al., 1980). Brownian
dynamics (Cooper et al., 1985; Gates and Jakobsson,
1985) and molecular dynamics (Fischer et al., 1981; Lee
and Jordan, 1984; Mackay et al., 1984) simulations have
computed detailed transport properties on different time
scales.

Most efforts aimed at describing permeation have
focused on the narrow region of the pore, where the ion
must approach the channel walls. This report, however,
explores how the channel entrances may influence ion
transport. Many channels have funnel-shaped vestibules
that lead to the selective narrow region deeper in the pore:
this includes the Na channel, the acetylcholine receptor
(AChR) channel, the delayed rectifier, the sarcoplasmic
reticulum K channel, and the Ca-dependent K channel
(see Latorre and Miller, 1983 review, and Hille, 1984
book).

The molecular details we wish to understand are terribly
complex. To get a sense of the problem consider the AChR,
which roughly has an open pore that is 11 nm long (Kistler
et al., 1982), the outer entrance is 2.5 nm in diameter, the
inner is 1.5 nm (Brisson and Unwin, 1985), and the narrow
region is 0.8 nm wide (Maeno et al., 1977; Huang et al.,
1978; Dywer et al., 1980). The pore is thought to be lined
by hydrophilic amino acids that include tens of negative
and positive charges, but only a small net charge (Guy,
1984 Finer-Moore and Stroud, 1984; Bash et al., 1985;
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Young et al., 1985). Given the large size, it is likely each
vestibule contains many ions, and in the widest parts the
molecular behavior is much like bulk solution. Deeper into
the channel, where the vestibule narrows, the ions experi-
ence the membrane potential. (The gradient of the poten-
tial difference across the membrane becomes progressively
steep as the channel narrows.) Even if the selectivity region
contains only one or two ions, the adjacent vestibule
contains many ions that interact more strongly as the
cross-sectional area of the pore decreases. Possibly the area
next to the narrow region is a multiply occupied energy
minimum that does not behave like a single site. General
shape considerations alone suggest a progressive shift from
a bulk-like to a selectivity filter situation with the funnel-
shaped vestibule serving as the transition zone.

The overall permeation process includes many factors:
specific binding, local and net charge on the protein,
dipoles, quadrapoles, image potentials due to the lower
dielectric of the protein and lipid, molecular properties of
water, ion and channel site hydration and dehydration,
thermal fluctuations of the protein, excluded volume
effects, and steric hinderances. Any model intended to fit
experimental data with only a few adjustable parameters
can only crudely approximate several of the primary
factors involved. This model accounts for some physical
properties of the vestibule, and then couples that to a model
of the narrower region of the pore. The vestibule is
considered to be in equilibrium with the bulk solution, have
a net charge, and have a defined size and shape. Ion size,
binding, and blocking are considered in determining how
the vestibule provides a “conditioned” environment for the
narrow region. Preliminary communication of this work
has been made to the Society for Neuroscience (Dani,
1985).

DESCRIPTION OF THE MODEL

At least some pores have net-negative charge (Guy, 1984,
Finer-Moore and Stroud, 1984) that attracts cations from
solution, thus forming a diffuse ionic layer with net-
positive charge. Debye-Huckel theory models this type of
phenomenon for an electrolyte solution by establishing an
ionic cloud of opposite charge around a central ion. Gouy-
Chapman theory models an electrolyte solution near a
charged interface by establishing an ionic atmosphere with
excess opposite charge extending out from the interface. In
all of these cases an equilibrium between thermal and
electrostatic forces leads to a geometry-dependent ionic
distribution. These theories are similarly constructed from
a Poisson-Boltzmann equation that is derived for the
specific geometry involved.

In this channel model, net-negative charge is placed on
the walls of a vestibule that has a defined size and shape,
and approximations are made to calculate the resulting
potential as a function of position along the pore axis. A
Poisson-Boltzmann equation is derived to calculate the
positively charged diffuse—double-layer potential that par-
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tially counters the negative net-charge potential of the
vestibule. In addition, the cations attracted into the chan-
nel can bind to the vestibule’s negative residues, thus
cancelling some of that net charge. Because of their size,
when ions bind in the vestibule they decrease the cross-
sectional area available for current carrying ions to pass
through. In this model the transport rate constants are
scaled by the available area to account for the blocking.

The narrow region of the channel is described by a
symmetrical two-barrier, one-site (2B1S) Eyring rate the-
ory model. This minimal model presents energy barriers to
ions entering the narrow region from the wider vestibules,
and provides a saturable site that prevents the channel
conductance from increasing indefinitely as the ionic con-
centration is increased. The vestibule is considered as an
equilibrium bulk phase that influences ion transport: its
potential alters the driving force for transport; it deter-
mines the ionic concentrations next to the narrow region,
and ion binding in the vestibule decreases the 2BI1S rate
constants.

THEORY

The total potential (V,) experienced by an ion at any position is the sum of
the potentials resulting from the charges on the vestibule walls (V,), the
ionic diffuse-double layer (V,), the fraction of the applied potential felt at
the given position, and all other electrostatic or chemical potentials that
exist. For simplicity, all the applied potential is taken to drop across the
narrow length of the channel, and only V, and ¥, are considered in the
vestibule.

In reality it is likely the channel walls contain many charges distributed
along the pore length. From a long distance away an ion senses only the
net charge, but once inside the pore the ion experiences a variable
electrostatic potential dependent upon its position and the exact distribu-
tion of charged residues. Since distances even within the vestibule are
large relative to the Debye length, nearby charges are felt but distant ones
are largely screened by the ionic environment. Thus, when cations are in a
position to be transported they do not simply sense the net charge, rather
they sense a particular value of a position-dependent local potential that
fluctuates around some mean value. Since this is difficult to model and
not enough information is available to determine the discrete charge
distribution, the situation is approximated by placing the net charge at the
inner end of the vestibule near the central narrow region. The total
vestibule potential is calculated to achieve a constant value at a position
75% of the way through the vestibule near the narrow region. In this way
the final potential in the vestibule that is coupled to the 2B1S model has
the net vestibule charge partially screened. In addition, the image
potential, that results from the lower dielectric protein surrounding the
water filled pore, counters the cation concentrating effect of the net-
negative charge located at the edge of the narrow region. The oppositely
charged values of both the image and vestibule potentials grow as the
narrow region is approached. This also supports the practice in these
calculations of having the total potential achieve an average constant
value before it reaches the narrow region. Unless stated otherwise, the
channel is taken to have a funnel-shaped vestibule at each end that is 6.5
nm long, a 2.6 nm diam facing the bulk solution, and a 1.2 nm diam next
to the narrow region.

Potential Due to the Net Charge in the
Vestibule (V,)

In this treatment an approximation is made that half the field lines due to
the charged residues proceed down the pore and exit into the bulk
solution. The other half enters the protein or is cancelled by the field lines
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from the other vestibule due to symmetry. If the dielectric constant of the
pore water were infinitely higher than the surrounding dielectric, then all
the field lines would be confined to the pore (Levitt, 1985). The factor of
0.5 accounts, in part, for the nonzero dielectric constant of the channel
protein.' In addition, the field is crudely considered not directly to affect
the 2B1S model. In a perfectly symmetrical channel the field from the
two vestibules would cancel in the narrow region, and in other situations
the energies of the barriers and site could be adjusted to partially account
for the field's influence.

The field from the net charge (N) in the vestibule is calculated from
Gauss’s Law:

I 47 Ne

Y 2eA(x)’ ()
where the 1/2 accounts for only half the field lines being effective as
explained above, e is elementary charge, ¢ is the dielectric constant of
water, and A(x) is the surface area perpendicular to the field lines at
position x along the channel axis. This surface area of constant, uniform
electric field is approximately given by:

rr O<x<lL
A(x)=x(R*+ (x - L)

2 (x — L)?

L=x<L+ R 2)
L+R=x,

where L is the length of the vestibule, R is the radius of the vestibule at its
opening to the bulk solution, and r is the radius of the vestibule at x. Fig. 1
schematically represents the pore geometry, the electric field lines, and
the constant field surfaces.

The potential that results from the charges in the vestibule is (Levitt,
1985)

1 4xNe ,, dx
- _ - — = —_— . 3
V,= fE,,dx 7 e _[ 00 3)

To perform the numerical integration that calculates the diffuse—double-
layer potential (¥j), it is necessary to set a practical position where ¥,
becomes insignificant and does not influence the electrolyte solution. This
position can be set by assuming there is mixing in the bulk solution at a
long distance from the channel. The distance was taken as the length of
the vestibule plus 1.5 times the widest radius of the channel plus two
Debye lengths. This is more than sufficient because the total vestibule
potential (V) falls more rapidly than predicted by the Debye length from
Gouy-Chapman theory. This location also serves as the x = « boundary
condition for calculating V.

Diffuse-Double-Layer Potential (Vd)

The diffuse-double-layer potential results from the excess positive elec-
trolyte charge attracted by the oppositely charged residues in the
vestibule. Derivation of the relevant Poisson-Boltzmann equation follows
from Gauss’s Law (Levitt, 1985), given that the field from the excess
diffuse charge remains primarily in the pore. This is the same approxima-
tion used for the field that arises from the net charge in the vestibule. It is
reasonable because the dielectric constant of the pore water is substan-
tially greater than the surrounding protein and lipid. In addition, the error

'The best choice for this factor will depend on the pore geometry and the
dielectric properties of the system. The choice of 1/2 is a reasonable
compromise for a general calculation. In addition, the significance of the
model is in the qualitative properties it reveals not the precise values of the
potentials it produces. Another method that is often used to account for
the dielectric constant of the channel is to make the effective high
dielectric diameter of the pore larger than its physical size (see Jordan,
1984).
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Vastibule Narrow Vestibule

FIGURE | A schematic representation of the symmetrical channel
geometry. The electric field lines are represented in the left vestibule. The
field lines in the narrow region are canceled by the field lines from the
right vestibule (not shown). The single net charge at the end of each
vestibule is represented by a large minus that is drawn out of scale. The
solid lines and the half circle in the right vestibule represent the
cross-sectional areas A(x), with the line nearest the narrow region
marking the place where the numerical integration ends. L is the length of
the vestibule, and R is the radius of the opening to the bulk solution.

introduced by this approximation is diminished because it is applied to
two fields of opposite sign.

The field lines pass down the pore perpendicular to the same uniform
constant-field surfaces given in Eq. 2. Gauss’s Law gives

f E dA = E(x)A(x) = 4mq/e, 4

where ¢ is the net electrolyte charge enclosed in the Gaussian surface
extending from O (where the vestibule's net charge is located, next to the
narrow region) to x, and E, is the electric field from the diffuse charge.
The spatial variation in the diffuse-double-layer potential results from
the distribution of the ionic atmosphere that is used to calculate q. The
charge in a volume element A(x)dx at x is given by the sum of all the ions
in that volume element:

q9(x) = 3_ zeCi4i(x) dx, (5)

where j is the ion species, zj is the ion valence, C is its concentration in the
volume element, and Aj is the effective cross-sectional area available for
the center of the ion. For large ions A;(x) is much smaller than the
cross-sectional area of the channel A(x). The total charge in the
diffuse-double-layer is the sum of the charges in each element:

q= £= q(x) dx = j;“ Z z;eCA4;(x) dx. (6)
i
By definition Ed(x) = —d¥,/dx, which along with Eqs. 4 and 6 gives

av,

—AX) dx

4 -
= Tﬂ ‘/0‘ ; zjeCjAj(X) dx- (7)

The Boltzmann equation introduces the equilibrium dependence of the
local concentration (C) on the bulk concentration (C,) and the total
potential (V, = V, + ¥,):

(8)

—zFV,
C‘J - Cb] exp (L) .

RT

Differentiating both sides of Eq. 7 by x and substituting in Eq. 8 gives the
final Poisson-Boltzmann equation containing the diffuse—double-layer
potential (¥,):

d dv,

4xe —2;FV,
a (A(x) H) = - T ; ZjAj(X)ij exp (T) . (9)

Binding to the Vestibule’s Net Charge

Cations attracted into the channel by the negatively charged protein
residues can bind and reduce the number of free charges contributing to
V,. For monovalent cations conventional equilibrium binding gives the
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number of free vestibule charges as (Gilbert and Ehrenstein, 1969,
McLaughlin et al., 1971; Hille et al., 1975)

N

C’
1 Pt §
* ;de

Ne = (10)

where N is the number of net charges in the vestibule, C; is the
concentration in the vestibule, and Kj; is the equilibrium dissociation
constant of species j. In practice an iterative algorithm calculates the
amount of each species bound. In this way the size and charge of each
species can be used to determine blockage and the final net charge of the
channel.

Due to the finite size of the ions, cation binding to the net charge
reduces the cross-sectional area next to the narrow region of the pore that
is available to pass current. This is introduced into the model by reducing
the 2B1S rate constants by a factor related to the available cross-sectional
area:

k.= K.k

N,; R
Ko=1-3 =51, (1)
j x

where ke is the effective rate constant after binding, k is the rate constant
without binding, N,; is the number of species j bound, Ry is the radius of
the cation, and Rx is the radius of the pore at the position where binding
occurs. In these calculations binding occurs at a position 75% of the way
through the vestibule nearing the narrow central region. Except for the
specific size dependence, the same results are obtained for binding at
other positions.

2B1S Rate Theory Model in the Narrow
Region

The narrow region of a channel is critical for transport, and most
permeation models rightly focus on this region to describe selectivity and
other transport properties. In this paper a symmetrical two-barrier,
one-site (2B1S) model provides the minimal requirements expected from
the narrow length of the channel. Fig. 2 shows a symmetrical 2B1S
energy profile with the rate constants labeled for two ion species (1, 2)
over two barriers (o, i) in the inward or outward (—) direction. Rate
constants for ion jumps from the vestibules to the site are defined as

bT — G, —D,zFV,
k,= KK, — V, exp — —exp-—-—z——

A RT R Msl

and for jumps from the site to the vestibules as

bT G —D,zFV,
k,= K,K,—exp — —= exp————*
v vide h exp RT exp RT L] [S],

where K, is the factor that reduces the rate constant dependent on the
available cross-sectional area (Eq. 11); K| is the transmission coefficient,
which is taken as unity; b7/ h is the molecular vibration frequency? taken
as 6.12 x 10'2s7"; G, is the free energy difference between the vestibule
and the top of the appropriate barrier; G, is the free energy difference
between the site and the top of the appropriate barrier; D, and D, are the
corresponding fractional electrical distances; V,, is the molar volume of
water taken as its bulk value of 1.80 x 10~* L/M; b is the Boltzmann
constant; and the other constants have their usual values. The electrical

This is the most commonly used value of the frequency factor. Its value
does not change the meaning of the results, but the currents produced
from the energy profile are scaled by this term.
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FIGURE 2 A symmetrical 2B1S energy profile where the k’s are rate
constants for transitions over the outer (0) or inner (i) barrier by cation
species 1 or 2 in the inward or outward (—) direction; G, is the free energy
change for ion jumps out of the site; G, is for ion jumps from the vestibules
into the site; the D’s are fractional electrical distances. For the main
permeant (1) the barriers are 8 KT and the site —4 KT, and for the
secondary permeant (2) the values are 10 KT and —5 KT unless stated
otherwise. Inward going current is defined as negative.

distances in Fig. 2 determine the fraction of the effective potential that is
experienced by an ion during a jump. For simplicity, all the effective
voltage falls across the narrow region of the channel, giving D, + D, + D,
+ D, = 1.2 In addition, the barrier model is symmetrical, giving D, = D, =
D, = D, = 0.25. The effective voltage drop (¥,) across the 2B1S portion of
the model channel results from the applied potential (V,) and the differ-
ence in the total vestibule potentials: V, = V, + V; — V,,.

In the presence of two permeant species, standard Eyring rate theory
(Lewis and Stevens, 1979; Hagglund et al., 1984) gives the steady state
probability for the central site being empty:

P, = (kiuky + kok_o + kik_o + k_o1k_gy)/Denom
occupied by species 1:

Py = (Cyk_iky + Cuk_yjk_y
+ C‘ol kolkiz + Col kolk-OZ)/Denom

or occupied by species 2:

Py = (Cok_ipkiy + Cok_pnk_q
+ Cpkaki + Cokak_o)/Denom

Denom = Cy(k_jk_o + k_ykip) + Corlkak_a2 + karkiz)
+ Colk_ ki + k_ink_g) + Coplkark_o + kaaky)
+ kipkiy + kipk_o + kiyk_oy + k_gik_o

and P, + P, + P, = 1. The C’s are concentrations in the vestibules, which
are related to the bulk concentrations by an equilibrium Boltzmann factor
of the total vestibule potential: C = C, exp—(zFV,/RT).

The steady state current is the same over either barrier, and is equal to
the difference in the one-way fluxes. The steady state current calculated

¥In reality some voltage drop is expected in the vestibules, with the actual
value dependent on the exact properties of the pore and the bathing
solution. Introducing this complication would change the exact energy
profiles for permeation but not the general transport characteristics
revealed by this model.
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over the outer barrier, with inward current defined as negative is
I =e(zyPik_g + 2,Pk_
= 2,Co Pekyy — 2,CoPeky). (12)

METHODS

Theoretical currents are produced by calculating the properties of the
vestibules and then using those results in the 2B1S portion of the model.
The principle problem is to determine the diffuse potential (V,) by
numerically solving the nonlinear two—point-boundary problem in Eq. 9.
The boundary conditions are that ¥; = 0.0 at a long distance from the
channel where the solution is well stirred, and at a position well into the
channel ¥, stops changing (dVy/dx = V; = 0.0). In practice, mixing
occurs (V3 = 0.0) and the concentrations equal their bulk values at a
distance (referred to as Xi,;,) equal to the length of the vestibule plus 1.5
times the largest radius of the channel plus two Gouy-Chapman defined
Debye lengths. The first derivative of the diffuse potential equals zero at a
position 75% of the way through the vestibule (Xjg,) near the center of the
channel.

Eq. 9 is numerically integrated for ¥4 using the “shooting method” (see
Acton, 1970 book). A guess is made for V; at X, and the equation is
integrated to Xg,. If V4 at Xj, is not equal to zero (0 to —0.5 is accepted),
another V; at X, is guessed and the procedure is repeated until the
boundary condition is met. A “bisection method” is used to update the
guess.* The correct value of Vy at X, falls within an initially set liberal
range. After each iteration the range is made smaller by setting the
appropriate limit of the range equal to the Vy guess that just failed. The
next guess is equal to a value in the middle of the new range. Each
iteration cuts the range in half. Although this procedure is not fast, it
always converges to the correct V, if the calculation has enough
precision.

The actual numerical integration is begun using a fourth order
Runge-Kutta method. This method is slow but it requires no previous
information; so it is ideal for accurately calculating the first three steps in
the marching process. Milne’s predictor-corrector method uses these
initial three points and proceeds more rapidly through the rest of the
integration. For each step all the values that depend on x, such as the
cross-sectional area and ¥, are calculated and used to determine V¥ and
finally the total potential (V) at that position. The final step size used in
the marching process was selected by making the step size progressively
smaller until the answer was unchanged.

Cation binding to the net-negative charge in the vestibule takes place
by an iterative process. Initially the vestibule has an assigned number of
charged sites (N = N1). After the integration converges, the total
potential (¥,) and the ion concentrations in the vestibule are known for
N1. Ions then bind to the net charge in the vestibule (see Eq. 10) reducing
the number of free charged sites (N2 < N1). The integration is repeated
to determine ¥, with N = N2. Since there are fewer free negative charges,
less cations are attracted into the channel and therefore less binding
occurs (N2 < N3 < N1). This continues until N changes by <5% in a
binding iteration. In practice the binding actually converges faster than
just described because a job-specific “bisection” algorithm achieves the
final N with fewer iterations.

When only one monovalent cation species can bind, Eqs. 10 and 11
directly give the influence of cation size on transport. When two different
sized ions bind, an iterative procedure determines the number of each
specie bound. Then the area occluded by the overall binding and the effect
on the 2B1S rate constants is determined as usual. When a divalent cation
binds, it eliminates two negative charges, but it blocks the channel
dependent only on its cross-sectional area like any other cation.

The programs are written in double-precision Fortran IV, and they
were run on PDP 11-23 and PDP 11-73 computers (Indec Systems Inc.,
Sunnyvale, CA) using RT-11 as the operating system.

*I thank Dr. C. Clausen for suggesting this method.
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RESULTS AND DISCUSSION

Comparison with Gouy-Chapman Theory

Gouy-Chapman theory approximates a charged surface as
an infinite, structureless, impenetrable plane with a uni-
formly smeared charged density. The charge density (o) is
given by (Grahame, 1947)

eV, 1/2
¢ = (26,6°Nanz C,j exp (ﬂ-%) - 1) ,
i

where ¢, is the dielectric constant, ¢, is the permittivity of
free space, N, is Avogadro’s number, Cy is the bulk
concentration of species j, and V. is the surface poten-
tial.

Fig. 3 A illustrates the parallel field lines eminating
from a uniformly charged plane and the diverging field
lines associated with the funnel-shaped entrance of a
channel. The field lines spread out to uniformly occupy the
vestibule; then they diverge dramatically as they enter the
bulk solution where they are no longer confined by the
lower dielectric of the protein. The Gouy-Chapman field
lines, however, remain parallel and constant from the plane
surface to infinity. Therefore, in an infinitely dilute solu-
tion that does not have an ionic double layer, the planar
field interacts equally with an ion located at infinity or near
the surface. In contrast, an ion experiences a stronger force
as it approaches the concentrated field lines near or in a
charged channel vestibule. Thus, there are qualitative
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FIGURE 3 (A) The parallel field lines associated with a uniformly
charged plane are constant from the surface of the plane to infinity. The
field lines associated with a funnel-shaped vestibule diverge as they pass
into the bulk solution. (B) The spatial distribution of the total potential in
10 mM monovalent electrolyte was calculated from the charged-vestibule
theory with N = —1 and K; = «» (solid line). The x = 0.0 position
corresponds to the position in the vestibule where the numerical integra-
tion ends. The value of the potential there is ¥, = —95.8 mV. The arrow at
4.9 nm labels where the channel opens to the bulk solution. The upper
dotted line was calculated from Gouy-Chapman theory with a surface
potential at x = 0.0 set equal to —95.8 mV. The arrow at 3.2 nm labels the
Debye length. The lower dotted line was obtained by dividing the
Gouy-Chapman potential by (1 + x) to approximate how the potential
falls off from a —95.8 mV initial point in bulk solution.
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differences in the spatial distribution of the ionic double
layers that develop.

Fig. 3 B shows how the total potential falls off with
distance in 10 mM monovalent electrolyte. The solid line
represents the charged-vestibule theory with 0.0 nm corre-
sponding to the place where the numerical integration
stops, 75% of the way through the vestibule. The potential
at that position is ¥, = —95.8 mV, and the arrow at 4.9 nm
marks where the vestibule opens to the bulk solution. The
upper dotted line represents the small potential approxima-
tion of Gouy-Chapman theory obtained from (see
McLaughtlin, 1977 review)

V,

g =

2e*C,N,z2\!/2
K- [Z= )
( € e,bT

Vsurf exp (_Kx)

where the potential (V) falls to 1/2.72 its surface value
(V.ur) at a distance equal to the Debye length (1/«), which
is marked by an arrow at 3.2 nm. The Gouy-Chapman
surface potential was set equal to —95.8 mV to match that
obtained with the charged-vestibule theory. This Vi,
corresponds to a uniform charge density of 0.24 charges/
nm?in 10 mM electrolyte. The lower dotted line is given by
Vie/(1 + x), where x is distance. This represents how the
potential would decrease with distance from a reference
point if the field lines spread out with spherical symmetry.
This figure indicates that simpler approaches based on
Gouy-Chapman theory could not adequately replace the
charged vestibule theory. The lower dotted line shows the
potential falls more rapidly when the field lines are not
confined to the finite volume of the channel. The upper
Gouy-Chapman dotted line shows that a uniform plane of
charge gives a potential that extends far into the bulk
solution, beyond where a charge in a channel would have
an effect. Besides not being able to handle aspects of ion
size, binding in the vestibule, and current block, Gouy-
Chapman theory produces a different double layer and a
different concentration dependence of the potential.

Net Charge in the Vestibule

Fig. 4 A shows the pore and the symmetrical 2B1S energy
profile in the narrow region when there is no net charge in
the vestibule. Zero free energy is defined in bulk solution
and extends to the beginning of the narrow region because
the vestibules are approximated as being in equilibrium
with the bulk solution. In this model the width of the
narrow region does not enter into the calculation; so the
shape of the channel where the vestibule and narrow region
meet could be much different. Ion transport in this case
depends only on the 8 KT barriers and the —4 KT site. The
bottom of the figure displays the current-voltage (I-V)
relations that result in 1, 150, and 1,000 mM electrolyte. In
1 mM solution the current per channel is almost undetect-
able, while in 1,000 mM it grows to 21 pA at 200 mV. Fig.
4 B shows an equivalent schematic in 150 mM electrolyte
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FIGURE 4 (A) The pore, the symmetrical 2B1S energy profile, and the
I-V relations in 1, 150, and 1,000 mM monovalent electrolyte for a
channel that has 8 KT barriers, a —4 KT site, and no net charge (N = 0).
(B) The same schematic when N = —1, K4 = =, and the radius of the
permeant cation is R, = 0.095 nm. For simplicity, the net charge in each
vestibule is represented by a large minus that is drawn out of scale. The
charge in the vestibule and the energy barriers and well in the narrow
region could result from distributed rings of positive and negative residues
not represented here. The energy profile was calculated in 150 mM
electrolyte, and the final value of the vestibule potential is ¥t = —42 mV.
This concentration-dependent negative potential results in the channel
passing significant current even at low electrolyte concentrations.

when each vestibule contains —1 net charge. The energy
profile dips down in each vestibule and then maintains a
final constant value for the most central 25% of the
vestibule. The diffuse potential (V) varies with concentra-
tion, thereby causing the vestibule’s total potential (¥,) to
be more negative at low concentrations. This negative
potential attracts cations into the channel; so there is
significant current even in 1 mM electrolyte, as seen in the
bottom of Fig. 4 B.

Fig. 5 shows how ¥, varies as a function of the vestibule’s
net charge (V) at various electrolyte concentrations. The
attractive negative potential is larger at more negative N
and at low bulk electrolyte concentrations. Therefore,
relative to the bulk concentration (C,) the vestibule con-
centration (C,) is greater; so more cations are in a position
to pass through the channel: C,/C, = exp(—zV,/25.35).
This feature leads to higher conductances at low concen-
trations than predicted from conductances measured at
high concentrations (also see the I-V relations in Fig.
4 B).

The net charge also can produce simple selectivity. For
example, in a bulk solution of 150 mM NaCl plus 10 mM
CaCl, with a net vestibule charge of N = —1 and no
binding to that charge, the total vestibule potential pre-
dicted by the model is ¥, = —37 mV. That increases the
Ca** concentration in the vestibule by a factor of 18.0 and
decreases the Cl~ concentration by a factor of 4.2 relative
to their bulk concentrations. The negative potential in the
vestibule selects for cations over anions, and divalents over
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FIGURE 5 The total vestibule potential (V) plotted vs. the vestibule’s
net charge (V) with the monovalent electrolyte concentration equal to 1,
10, 50, 150, or 1,000 mM, and K; = =, R, = 0.095 nm. As the electrolyte
concentration is decreased, there is less screening and ¥, becomes more
negative.

monovalents. Besides the general potential described in
this treatment, it is possible that stronger local potentials
contribute to this selectivity before the final “selectivity
filter” in the narrow region.

Binding to the Vestibule’s Net Charge

Fig. 6 schematically shows how the potentials vary in going
from a 150 mM bulk solution to the place where the
numerical iteration stops. Fig. 6 4 has N = — 1, no binding
to that charge (K; = ), and has a final ¥, = —42 mV. It
can be seen that the diffuse potential (¥;) counters most of
the vestibule’s net-charge potential (V,) and the total
potential (V, = V, + V) is smaller than both of its
components. When cations bind to the charge with Ky = 50
mM, Fig. 6 B shows that the absolute values of all the
potentials decrease because the number of free charges
falls to N; = —0.21 giving a final ¥, = —6 mV.}

Fig. 7 shows how V, varies when there is binding to the
net charge. The X next to the curve at each concentration is
the value of V, if there were no binding (K = «). As the
electrolyte concentration increases, the X’s illustrate how
increased screening of the charge decreases the absolute
value of V.. This results because ¥, remains constant while
V4 becomes more positive with increasing concentration.
The effect of binding is to decrease the number of free
negative charges. As K, decreases, binding increases: V;
and V, become smaller negative numbers and therefore so
does V..

$Equilibrium binding effectively produces a fraction of a free charge (N,
= —0.21) as a result of rapid binding and unbinding of the cation to the
negatively charged site. In this case the negative charge is free 21% of the
time.
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FIGURE 6 Schematic drawing of the vestibule facing into a bulk
solution of 150 mM monovalent electrolyte. The values of the potentials at
the corresponding positions along the pore axis are drawn underneath the
vestibule: V, is the vestibule’s net-charge potential, ¥, is the diffuse—
double-layer potential, and ¥, is the total potential (V, = V, + V). The
potentials fall to 0 in the bulk solution. The dashed line next to each ¥,
curve signifies that the total potential remains constant for the last 25% of
the vestibule length near the narrow region. (A) In this case N = —1,
R, = 0.095 nm, and K; = «. The dashed ¥, curve is the diffuse-
double-layer potential that would develop if the cation in solution were a
divalent. (B) In this case N = —1, R, = 0.095 nm, and K; = 50 mM.
Cation binding to the negative net charge reduces the absolute values of
all the potentials.

Fig. 8 indicates how binding to the net charge masks its
influence on transport and can lead to the misinterpreta-
tion of data. Fig. 8 plots conductance (G) vs. concentration
(C) for N = —1 with no binding (v), with K4 = 50 mM
(+), and the dotted Michaelis-Menten curve is for N = 0
(see Fig. 4 A). When there is significant binding, it is hard
to tell the difference between the case with net charge and

SOmM

150mM

204 / ¥
" 1000wM
6 5 ! - +
0 1000 2000 3000 4000 5000

Kd  (mM)

FIGURE 7 The total vestibule potential (¥,) plotted vs. the dissociation
constant (K,) for binding to the vestibule’s net charge (N = —1) in
various bulk concentrations of monovalent electrolyte. The X’s next to
each curve represent ¥, when there is no binding (K, = ) to the net
charge. Values were calculated at K, = 5, 50, 500, 5,000 mM, and those
points are connected by straight lines. As K, decreases, cation binding to
the negative residue increases; so ¥, becomes less negative.
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FIGURE 8 Single-channel conductance at 40 mV plotted vs. monovalent
electrolyte concentration when N = —1, R, = 0.095 nm, and K, = « (v)
or 50 mM (+). The dotted Michaelis-Menten curve has G,,, = 121.9 pS
and has a dissociation constant to the 2BI1S site of K, = 1.02 M,
consistent with Fig. 4 A, and in all cases the 2B1S barriers are 8 KT and
the site —4 KT. The general agreement between the dotted curve (N = 0)
and the + symbols (N = —1, K, = 50 mM) indicates that different
physical descriptions of the channel can produce similar ion transport
results.

N = 0. In practice, detection of the net charge becomes
difficult because measurements have to be made at very
low concentrations where conductances are small and
harder to measure. The dotted curve in Fig. 8 illustrates
how a model can fit limited data well, but not accurately
describe the physical properties of the channel.

Cation Size

The size of the cation influences the potential that develops
in the vestibule. Since more small cations can fit into the
vestibule, they are more effective than large cations at
screening the net charge. With N = —1 Fig. 9 shows that
¥, is more negative at all concentrations when the cation in
solution is larger. Although the number of large cations in
the vestibule may be low, the attractive potential (V)
exerted on those is greater; so they occupy and saturate the
2B18S site at a lower bulk concentration. However, because
large cations are expected to experience greater friction in
the narrow region (Dwyer et al., 1980; Sanchez et al.,
1986), their energy barriers are larger and their G,,, is
smaller. Thus, net charge in a channel can contribute to
large cations having a higher affinity, but the narrow
region may limit their transport.

Fig. 10 illustrates the effect of adding small amounts of
a large cation to solutions containing a small permeant
when the net charge in the vestibule is N = —1. Fig. 10
plots conductance (G) vs. concentration (C,) for a small
cation that does not bind to the vestibule charge (K, = «)
and has a radius (R,) equal to 0.095 nm; 10 mM (v) or 1
mM (A) of a large cation is always present having K, = 5
mM and R, = 0.5 nm. The solid Michaelis-Menten curves
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FIGURE 9 The total vestibule potential (¥,) plotted vs. the radius of the
monovalent cation in solution at various concentrations for N = —1 and
Ky = . Values were calculated at R, = 0.095, 0.2, 0.3, 0.4, 0.5, and 0.6
nm, and the points are connected by straight lines. Large cations cannot
screen the negative residues as well as small cations; so ¥, becomes more
negative as R, increases.

can fit the data well with apparent G,,, and K, values for
the small permeant that depend on the concentration and
vestibule binding of the large cation. Thus, a simple curve
can fit any set of these data when N is incorrectly assumed
to be zero and incorrect values of K, and G,,,, are used for
the small permeant. For comparison, the dotted Michaelis-

[RAT
FIGURE 10 Single-channel conductance at 40 mV plotted vs. mono-
valent electrolyte concentration (C,) when N = —1, R, = 0.095 nm,
K4, = =, and this cation encounters 8 K7 barriers and 2 —4 KT site. The
secondary cation has R,; = 0.5 nm and Ky = 5 mM. When the secondary
cation is always present at C, = 1 mM (A), a Michaelis-Menten (M-M)
curve with G, = 87.3 pS and X,,, = 305 mM passes near the points.
When C, = 10 mM (%), a M-M curve with G, = 72.5 pS and K;,, = 615
mM passes near the points. Thus, the transport results for the main
permeant are influenced by low concentrations of a large cation. For
comparison, the dotted M-M curve has Gg,, = 121.9 pS and K,,, = 1.02
M, consistent with Fig. 4 A.
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Menten curve is shown. It has N = 0 in a pure solution of
the small cation (see Fig. 4 4).

Cation Charge

Fig. 11 shows how V, varies as a function of the cation
valence at three electrolyte concentrations when N = —1.
As the valence of the cation is increased the vestibule
potential is more effectively screened and V, becomes
smaller. The upper, dashed line in Fig. 6 4 shows how V,
increases for a divalent cation.

With N = —1 Fig. 12 illustrates the effect of adding
small amounts of a divalent cation to solutions of a
monovalent permeant. Fig. 12 plots G vs. monovalent
cation concentration C, with the divalent having Ky, = 50
mM and C, = 1 mM (A) or 10 mM (v). Again for
comparison, the dotted Michaelis-Menten curve in the
figure represents N = 0, Gy = 121.9 pS, and K, = 1.02
M as depicted in Fig. 4 4. The solid curves fit each set of
data well by incorrectly assuming N = 0 and different
apparent G, and K, for the monovalent cation. There-
fore, a small amount of divalent cations can influence the
interpretation of transport data, possibly leading to incor-
rect assumptions about the permeation process and the
wrong values for G, and K.

Channel Size and Asymmetry

Fig. 13 shows how the potentials depend on the size and
shape of the vestibules. Two factors contribute to the larger
potentials in the narrow vestibule: the field lines are
confined to a smaller pore width, and the size of the cations
make them less effective at entering the narrow pore to
screen the net charge. The wider vestibule in Fig. 13 B
allows the field lines to spread out; thus, at any position ¥,
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FIGURE 11 A plot of the total vestibule potential (},) vs. cation valence
at 10, 50, and 150 mM electrolyte with R, = 0.095 nm. Straight lines
connect values at valences of 1, 2, and 3. As the cation valence increases,
the negative residues are more effectively screened, and ¥, becomes less
negative.
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FIGURE 12 The parameters for the main, monovalent cation (C,) are
N = -1, R, = 0.095 nm, K;, = «, and this cation encounters 8 KT
barriers and a —4 KT site. The dotted curve is consistent with Fig. 4 A4,
having G,,, = 121.9 pS and K, = 1.02 M. The single-channel conduc-
tance at 40 mV is plotted vs. concentration (C,) when the secondary
cation is a divalent with R, = 0.095 nm and K, = 50 mM. When the
divalent is always present at C; = 1 mM (A), a M-M curve with G, =
97.0 pS and Ky, = 265 mM passes near the points-. When C, = 10 mM
(v), 2 M-M curve with G,,, = 107.9 pS and K,,. = 575 mM passes near
the points. Thus, the transport results for the main permeant are
influenced by low concentrations of a divalent cation.

is less negative. Also, in this large vestibule cations interact
less sterically; so they enter the channel to produce a V;
that more completely counters V,, which causes the abso-
lute value of ¥, to be smaller. These size and shape
considerations also can affect transport. With the same net
charge, various shapes would produce different potentials
that could affect the selectivity, channel blockage, and
apparent binding constants in the vestibules and narrow
region.

Fig. 14 shows the asymmetric transport properties that
result when the outer vestibule contains a net negative
charge but the inner vestibule does not. Fig. 14 4 shows the
energy profile and plots conductance vs. the applied poten-
tial in 150 mM and 10 mM electrolyte. At these concentra-
tions the inward going current is greater than the outward
going current because the negative charge in the outer
vestibule concentrates cations in a position for them to be
transported inward. Fig. 14 B plots conductance (G) vs.
concentration (C) at —200 mV (0Q) and +200 mV (X). At
all but 1,000 mM the inward going currents (O) are larger.
This demonstrates that the vestibule charge can contribute
complex transport asymmetry to an otherwise symmetric
channel. This cross over in the G vs. C plot at 1,000 mM is
probably due to the 2B18S site starting to become saturated
at this high concentration. The current then becomes
limited by exit from the site. The energy profile (top Fig.
14 A) shows that inward going cations (exiting from the
site to the right) encounter a larger barrier than outward
going cations (exiting from the site to the left); so at very
high concentrations outward current is favored. Qualita-
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FIGURE 13 A schematic drawing like Fig. 6 with differently shaped
vestibules. The vestibule's net-charge potential (V,), the diffuse—double-
layer potential (¥;), and the total potential (V, = V, + V) are drawn with
their corresponding values along the pore axis. The potentials fall to zero
in the bulk solution, and the dashed line next to the V, curves signifies that
V, remains constant for the last 25% of the vestibule length near the
narrow region. In both cases N = —1, R, = 0.095 nm, K; = «, and the
vestibule is 6.5 nm long. The vestibule opens to the bulk solution with a
diameter of 1.3 nm in 4 and 5.2 nm in B, and in both cases it narrows to
1.2 nm. The potential scale is compressed threefold in A.

tively identical results have been seen experimentally with
asymmetric gramicidin channels formed with net negative
charge at one end but not the other (Apell et al., 1977).
Fig. 15 illustrates transport when both the outer and
inner vestibules contain one negative charge, but asymme-
try is produced by cations binding to the outer vestibule but
not to the inner. Fig. 15 4 shows the energy profile and the
asymmetric conductance at 150 mM and 10 mM electro-
lyte. Fig. 15 B plots G vs. C at —~200 mV (O) and +200
mV (X). At low concentrations the channel outwardly
rectifies and at 1,000 mM there is inward rectification.
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FIGURE 14 Shows asymmetric ion transport through a channel with net
charge in the outer vestibule only (N, = —1, N; = 0). (4) The energy
profile calculated in 150 mM electrolyte has the final, outer-vestibule
potential V,, = —42 mV. Below, the single-channel conductance is plotted
vs. the applied potential in 150 mM and 10 mM monovalent electrolyte.
(B) Single-channel conductance at 200 mV (X) and —200 mV (O)
plotted vs. concentration.
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FIGURE 15 Shows asymmetric ion transport through a channel with
each vestibule having a net charge of N = — 1 but with binding only to the
charge in the outer vestibule (K, = 50 mM, K = «). (4) The energy
profile calculated in 150 mM electrolyte has the final potential equal to
—6 mV in the outer vestibule and —42 mV in the inner vestibule. Below,
the single-channel conductance is plotted vs. the applied potential in 150
mM and 10 mM monovalent electrolyte. (B) Single-channel conductance
at 200 mV (X) and —200 mV (O) plotted vs. concentration.

These two cases indicate that the vestibules may contrib-
ute to some biologically important cases of rectification
due to such factors as size, shape, ion interactions, binding,
the distribution of charge, and net charge.

SUMMARY AND CONCLUSION

The model presented here takes a simplified view of some
physical properties of an ion channel. The vestibule at both
ends of the channel is modeled as being in equilibrium with
the bulk solution, possessing net-negative charge, and
having a defined size and shape. Ion size, binding to the net
charge in the vestibule, and blockage of current contribute
to the vestibule’s influence on ion transport. These features
are coupled to a symmetrical two-barrier, one-site Eyring
rate theory model that describes the narrow selective
region of the pore. Any other more complicated barrier
model could have been used.

It is likely that an ion experiences a progressive transi-
tion from bulk solution to intimate interaction with the
amino acids in the pore. The separate treatment of the
vestibule and the narrow region is artificial, especially
since an ion probably senses some of the membrane
potential in the vestibule, and restricted diffusion in this
region may contribute to the relatively linear I-V relations
often seen with biological channels. Properties displayed by
the charged-vestibule model could equally result from
distributed charges with a net charge in the narrow region.
Some similar properties would occur even if the potential in
the channel resulted from dipoles.

The properties explored in this paper suggest that con-
centration-dependent potentials in the channel and the size
and shape of the vestibules can have many effects: (a)
Wide vestibules reduce the length of the narrow region,

BIOPHYSICAL JOURNAL VOLUME 49 1986




where the ion and channel must interact. By reducing this
path of highest resistance, large vestibules enable channels
to have larger maximum conductances (see Latorre and
Miller, 1983 review). () The absolute value of the poten-
tial caused by net charge in the channel increases as the
bulk electrolyte concentration decreases. This results
because there is less screening of the net-negative charge in
the pore. Thus, the vestibule potential is more effective at
attracting cations. This produces conductances at low bulk
concentrations that are larger than predicted from mea-
surements at high concentrations. Rate theory models
having multi-ion occupancy (Eisenman et al., 1978) or
energy barriers that undergo time-dependent fluctuations
(Eisenman and Dani, 1986) can also produce these rela-
tively high conductances at low concentrations. (¢) The
potential inside the vestibule confers some cation vs. anion,
and divalent vs. monovalent selectivity. A negative poten-
tial attracts divalent cations more strongly than monova-
lent cations, and it repells anions. The vestibule potential
and its dependence on the electrolyte species in the bathing
solution are strongly influenced by structural features that
may have evolved to contribute to this general selectivity.
Considerations of size, shape, and net charge may be
particularly important in Ca channels. (d) Because of their
size, large organic cations cannot enter the channel to
screen the charged residues as well as small cations.
Therefore, at an equivalent bulk concentration the cation-
attracting potential in the vestibule is greater (more nega-
tive). This causes large cations to have a higher affinity for
binding sites in the pore. Furthermore, when a very large
cation enters the channel, it can displace some of the
diffuse double layer thereby increasing the attractive
potential due to the net charge in the channel. These
factors, as well as hydrophobic interactions in the pore
(Dywer et al., 1980; French and Shoukimas, 1985), may
contribute to the relatively high affinity block of current by
large impermeants such as TEA* and some local anesthe-
tics. () The transport properties of a permeant can be
altered by apparently insignificant changes in the ionic
composition of the solution. Small amounts of a divalent, a
large permeant, or a large impermeant all affect the
apparent G,,, and K, of a permeant ion. This result
suggests great caution must be exercised when changing
the ionic environment bathing a channel even if the
electrolyte is expected to be inert (see Oxford and Yeh,
1985). Furthermore, large applied potentials could alter
the ionic composition interacting with the charge inside the
pore: anions could be repelled, divalents attracted more
than monovalents, and the permeant could be depleted in
one vestibule and built-up in the other. This change in the
diffuse, ionic layer would produce a different local poten-
tial in the channel, and in that way the energetics of
transport may change when large potentials are applied to
the membrane. (f) When the two entrances of a channel
differ in size, shape, net charge, or ion binding, asymmetric
transport characteristics can result.
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