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ABSTRACT  Alkali metal and alkaline earth cations pass readi-
ly through the acetylcholine receptor channel. Monovalent cations
with larger crystal radii are more permeant than ones with smaller
radii. For divalent ions, this selectivity sequence is reversed: smaller
ions are more permeant than larger ones. This reversal in selec-
tivity sequence with change of valence from 1 to 2 can be naturally
accounted for by electrostatic interactions between the ion and its
environment in the selectivity region of the channel. For monova-
lent ions, ion—dipole interactions dominate, and, for divalent ions,
ion-induced dipole interactions are more important. The sign of
these two types of effects is opposite and produces the reversal in
the selectivity sequence. The magnitude of electrostatic interac-
tions can be estimated from experimental data and suggests that
the permeating ion’s environment in the selectivity region of the
channel is essentially like that in free water. -

The amino acid sequences for all subunits of the acetylcholine
receptor (AcChoR) channel have now been deduced from cDNA
clones, and several structural models for the channel, with varying
amounts of detail, have been proposed (1-5). We wish to pre-
sent here information about the movement of ions through the
channel and some interpretations of our data that have impli-
cations for proposed channel structures.

Alkali metal cations (Li* through Cs*) and alkaline earth cat-
ions (Mg®* through Ba®") all pass easily through the AcChoR
channel. Of the alkali metal ions, the largest (Cs™) is the most
permeant and the smallest (Li*) is the least permeant, as de-
termined by reversal potential measurements. For the divalent
ions, the reverse sequence is found: the smallest ion (Mg>*) is
the most permeant and the largest (Ba*) is the least. Our goal
here is to explain how the selectivity sequence can reverse as
the ionic valence is increased from 1 to 2 and to indicate what

these observations tell us about the particular environment that

ions find within the channel. We shall conclude that ions within
the selectivity region of the channel probably interact almost

exclusively with water molecules rather than with protein side -

chains in the pore.

EXPERIMENTAL METHODS

Biological Preparation. During the months of December
through February, experiments were performed by using me-
dium-sized Rana pipiens, 6.4-7.6 cm in length, which had been
kept refrigerated at about 4°C. The cutaneous pectoris muscle
was removed and dissected down to a monolayer by using a
technique similar to that of Dreyer and Peper (6) and Dionne
and Stevens (7).

Experimental Apparatus. The experimental equipment has
been described (8). In summary, two microelectrodes filled with
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3 M KCl were used to voltage clamp a muscle fiber. A third
microelectrode, filled with =3 M acetylcholine chloride (AcCho)
(Sigma), was used to apply AcCho to the end-plate region by
iontophoresis.

Solutions. Normal Ringer solution had the following com-
position in mM: NaCl, 115; KCI, 2.5; CaCl,, 2; and Hepes
(Sigma), 4. The solution also contained 100 nM tetrodotoxin
(Sigma), and the pH was adjusted to 7.4.

The test solutions were made by replacing the 115 mM NaCl
with an isosmotic equivalent of the test solute. The following
solutes were tested: LiCl, CsCl, RbCl, SrCl,, BaCl,, CaCl,,
and MgCl,. The experiments that attempted to use RbCl and
SrCl, were unsuccessful because these solutions were not well
tolerated by the cells.

The activity corrections for the monovalent cations were cal-
culated by using tables 9-11 in appendix 8.10 in Robinson and
Stokes (9). The activity corrections for the divalent.cations were
calculated by using table 13 in the same reference along with
the Guggenheim convention for relating the activity coefficient
of a divalent cation to the activity coefficient of the salt (10).

Temperature. Temperature ranged between 9 and 12°C in
various experiments. The temperature was measured with a
thermal-sensitive probe placed in the bathing solution en top
of the muscle preparation. The temperature was regulated by
a peltier device in the microscope stage underneath the muscle
chamber.

Procedure. The procedure for voltage clamping the end plate
has been described (8). Measurements were made immediately
after a solution change for a period of 15-20 min. Usually mea-
surements in two or three different solutions were made on any
one muscle preparation.

Reversal Potential Determinations. The method for deter-
mining the reversal potential is the same as described (8). Most
reversal potential values were determined by interpolation of
the AcCho-induced end-plate current versus voltage curve. A
few reversal potential values obtained by extrapolation were
included if the voltage range for extrapolation was <10 mV.

RESULTS

Among the monovalent alkali cations, the mean reversal po-
tential becomes progressively more positive for ions with larger
crystal radii. The mean reversal potentials for the monovalent
alkali cations ranged from +0.3 = 1.1 mV (= SEM) (n = 9) for
Csto —11.1 = 1.2 mV (n = 11) for Li. The mean reversal po-
tential for Na is intermediate at —4.8 = 0.4 mV (n = 32). The
sequence of reversal potentials, then, is Cs > Na > Li, with
Cs, the largest ion, having the most positive value.

Among the divalent alkaline earth cations, the mean reversal
potential becomes progressively more positive for ions with
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smaller crystal radii. Of the divalent cations tested, Mg had the
most positive mean reversal potential value of —24.0 = 1.4 mV
(n = 7), whereas the values for Ca and Ba were —30.1 * 0.4
mV (n = 5) and —35.8 £ 1.7 mV (n = 5), respectively. The
sequence of reversal potentials, then, is Mg > Ca > Ba, with
Mg, the smallest ion, having the most positive value.

Theoretical Analysis. Selectivity of a channel, as measured
by reversal potential, reflects the size of an energy barrier (B)
at the channel region energetically least favorable for cations
(11, 12). Therefore, the mean reversal potential values mea-
sured in the various solutions can be used to provide an esti-
mate of the AcChoR selectivity barrier. For a single rate-lim-
iting barrier, the reversal potential V, is related to the barrier
height by the equation:
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We now develop an approximate expression for the slope a(z).
Reuter and Stevens (13) have derived the following general

expression for a(z):

a(z) = f dqf(Xo.Xo.q)
0

%o * af(x,X,q))
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Here q is ion charge, X is ion size (i.e., reciprocal radius),
X, is the reference ion size, x is the reciprocal distance from the
ion center, and f specifies the average difference between free
solution and the selectivity region of the channel in the density

Vo
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where mo,; and my; refer to extracellular and intracellular activ-
ities, respectively, of the ith ionic species and R, T, and F are
the gas constant, temperature, and faraday. B; is the height of
the rate-limiting barrier for the ith species, and & is the fraction
of the potential drop across the membrane at the location of the
rate-limiting barrier. If the assumption is made that the re-
versal potential is dominated by the predominant external ca-
tion and by the internal cations and that the internal concen-
trations remain the same for the different solutions, then the
change in the reversal potential compared to a reference so-
lution (Na Ringer for monovalent ions and Ca Ringer for di-
valent cations) is the following:

il
[ref],

where AB; = B; — B,;, V; =V, (ith test ion) — V, (reference
ion), and the brackets indicate the activities of the ith test ion
and the reference ion in the bathing solutions.

The ratio of test ion permeability P; to reference ion per-
meability P, may be extracted from barrier heights from the
following:

AB;= —FAV; + RTIn [2]

; = exp[—(B; — B.)/RT]. (3]
ref

The results of this analysis are shown in Fig. 1, where B; is
plotted versus 1/ion radius for the various monovalent and di-
valent cations. The straight lines fit the data points and give
correlation coefficients of 0.999 and —0.998 for monovalent and
divalent cations, respectively. The permeability ratios calcu-
lated from AB; are Cs > Na > Li (1.28 = 0.06 > 1 > 0.76 *
0.04) and Mg > Ca > Ba (1.42 + 0.13 > 1 > 0.73 % 0.08).

Ions with different sizes and charges experience different
barriers—that is, barrier height B(z,X) depends on the size of
the ion (measured by the reciprocal radius X) and on the va-
lence z. The AcChoR channel is only slightly selective, which
means that B(z,X) is a slowly varying function of X. Conse-
quently, if B(z,X) is expressed as a power series in ion size around
the size X, of a reference ion, then only the linear term, with
slope a(z), needs to be retained to describe approximately the
dependence of barrier height on ion size:

B(z,X) = B(z,X) + a(z) X — X,). [4]

Note that this linear approximation adequately describes the
data in Fig. 1 and that a(z) in Eq. 4 is positive for monovalent
ions and negative for divalent ions.

of dipoles on the surface of each spherical shell around the ion.
The second integral in this expression involves the rate at which
the dipole density varies with ion size.

To obtain an explicit approximate expression for a(z) in Eq.
4 we shall examine the limiting case in which: (A) the second
integral is negligible (i.e., 3f/3X = 0) and (B) flg) is adequately
represented by the first two terms in its MacLaurin expansion
in q with slope & and intercept f, [f(g) = f, + aq]. For a rel-
atively spacious channel such as that in the AcChoR (see ref.
14), the structure of water in the vicinity of the ion might be
expected to vary with ion size approximately as free water does
(assumption A). Furthermore, the difference in dielectric sat-
uration between the ion’s environment in the channel and free
water should be slight (assumption B). These assumptions are
plausible but difficult to verify; in any case, examination of this
simple limiting case will permit insights into the mechanisms
operating in selectivity.

We find, then, using this linear approximation for f in the
first integral in Eq. 5, that a(z) is approximately

a(z) = zef, + (ze)f°a/2, (6]

where z is the valence, e the elementary charge, f, the fixed
dipole density per A shell at the surface of the ion, and a is the
induced dipole density per elementary charge per A shell. It
should be stressed that both £, and « refer to differences be-
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Fig. 1. Selectivity barrier energy, calculated from Eq. 2, as a func-
tion of reciprocal ion radius for monovalent (alkali metal) (0) and di-
valent (alkaline earth) (¢) ions. Barrier energy is relative to that of a
reference ion. Na is the reference monovalent, and Ca the reference di-
valent ion.
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tween the ionic environments in free solution and within the
selectivity region of the channel.

From Fig. 1 we find that (for monovalent ions) a(1) = 0.41
* 0.14 (= SD) keal A per mol and (for divalent ions) a(2) =
—0.61 = 0.21 keal A per mol. This sign reversal from monova-
lent to divalent ions is an expression of the reversal of selec-
tivity sequences. Eq. 6 for a(z) together with the values for a(1)
and a(2) permit us to find values for f, and a—namely, f, =
0.016 D/A and @ = —0.021 D/A elementary charge.

DISCUSSION

Comparison with Previous Results. A few studies have been
reported in which the selectivity of the AcChoR channel was
investigated quantitatively for a number of alkali cations. Huang
et al. (15) measured fluxes activated by carbamoylcholine in cul-
tured muscle cells from chicken embryos. Permeabilities were
calculated from ion fluxes, and the results are Cs > Rb > K
> Na (1.91 > 1.52 > 1.47 > 1.0). These numbers are some-
what higher than are reported here, perhaps because fluxes
rather than reversal potentials were used to estimate perme-
ability, but the basic sequence with Cs > Na is confirmed.

Another study was performed by Gage and Van Helden (16)
on glycerol-treated sartorius muscle from the toad Bufo mar-
inus. For alkali cations at a temperature of 8°C, the perme-
ability ratios calculated from reversal potentials are Cs > Na >
Li (1.14 > 1.0 > 0.88). This sequence and the magnitudes of
the ratios agree quite well with the present results.

Adams et al. (14) examined the selectivity of AcChoR chan-
nels for both monovalent and divalent cations. A vaseline-gap
voltage clamp technique was used on cut muscle fibers from the
semitendinosus muscle from the frog R. pipiens. Permeability
ratios were calculated from reversal potential measurements.
For monovalent cations the result is Cs > Rb > K > Na > Li
(1.4> 1.3 > 1.1 > 1.0 > 0.9), whereas for divalent cations it
is Mg > Ca> Ba> Sr(1.1> 1.0 > 0.9 > 0.8). The magnitudes
of the permeability ratios differ somewhat from the numbers
reported here but the basic sequences of Cs > Na > Li and
Mg > Ca > Ba are confirmed, although the position of Sr in
the sequence is reversed from what would be expected on the
basis of ion radii.

Implications. Eq. 6 provides a natural explanation for the
sequence reversal for mono- and divalent ions. For a weakly
selective channel, the sign of the slope a(z) for the linear re-
lationship in Eq. 4 between barrier height and reciprocal ion
radius determines the sequence. If a(z) is positive, then larger
ions are more permeant; conversely, if a(z) is negative, then
smaller ions are more permeant. The slope a(z) is, in the lim-
iting case considered here, composed of two terms: the first
term in Eq. 6 reflects ion—dipole interactions and the second,
ion-induced dipole interactions. As the first term varies linearly
with z and is positive, whereas the second term varies as the
square of z and is negative, the quantity a(z) is positive when
z = 1 and negative when z = 2. Thus, ion—dipole contributions
dominate for monovalent ions, and ion-induced contributions
are greatest for divalent ions.

The idealizations made in developing the results presented
here have been discussed by Reuter and Stevens (13). Because
we do not know the extent to which the limiting case treated
here is a realistic representation of the actual situation, the
quantitative accuracy of our conclusions is similarly uncertain.
Our explanation for the sequence reversal certainly is a plau-
sible and natural one, and the theory seems as if it should be
accurate within an order of magnitude.

The values of the quantities f, and a are also informative,
even if they are only accurate to an order of magnitude. Ex-
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tremely small differences in the fixed and induced dipole mo-
ments of the environments within the channel, as compared to
free solution, are adequate to account for the selectivities we
have observed. For example, an average difference (again, as
compared to free water) in the fixed dipole moment within the
channel of about 0.016 D for a distance of 1 A and a difference
in polarizability of about 4.4 X 10727 cm® for one elementary
charge and a distance of 1 A account for our values of a(z). These
quantities may be compared, for example, to the dipole mo-
ment of water (1.8 D) and the average polarizability of the water
molecule, 1.4 X 1072 cm®. In other words, the ionic environ-
ment within the selectivity region of the channel is almost iden-
tical to free solution: a difference between the selectivity region
and free water in dipole moment and polarizability of <1% are
sufficient to account for the selectivity properties of the AcChoR
channel.

Can side chains of hydrophilic amino acids offer a sufficiently
water-like environment to be consistent with our observations?
Both atomic dipole moments and polarizabilities depend fairly
strongly on details of chemical structure (17). For example, an
OH bond has a moment of about 1.5 D, whereas an OC bond
has a moment about half that value (table 1.1 in ref. 17). Fur-
thermore, protein side chains are constrained in their move-
ments so that orientations of protein groups interacting elec-
trostatically with the permeating ion would, in general, present
a different average structure to the ion than would free water
of hydration. If the permeating ion were selected by interact-
ing with hydrophilic groups on walls of the pore, then one would
expect the ion to experience a less water-like environment than
we infer to exist in the selectivity region. Therefore, selectivity
in the AcChoR channel probably does not occur through ion—
protein interactions.

Claudio et al. (1), Noda et al. (3), and Devillers-Thiery et al.
(2) have all proposed, with varying degrees of detail, structures
for AcChoR subunits that have four transmembrane helices
(designated 1-4, with 1 closest to the amino terminus of the
polypeptide). Noda et al. (3), using sequence information from
all four subunits, have suggested that the wall of the trans-
membrane pore is formed by helix 1 (contributed by five pro-
tomers); Devillers-Thiery et al. (2), considering only informa-
tion about the a subunit sequence, have proposed that the
transmembrane pore is formed by helix 3 from each of the two
a subunits and an unspecified helix from each of the other three
subunits. In both proposed structures, the transmembrane pore
would be uncharged but would be lined with hydrophilic side
chains. It is not clear that such a structure could provide a suf-
ficiently water-like environment to give the selectivity results
reported here.

Kristofferson et al. (4) and Guy (5) have suggested an alter-
native structure with a fifth transmembrane helix that would
have charged side chains along one face of the helix. Five such
helices, one contributed by each protomer, would then provide
a very hydrophilic charged pore that would have a ring of al-
ternating positively and negatively charged groups located
roughly in the middle of the membrane. This ring of positive
and negative charges would form an energy barrier, the selec-
tivity of which would depend on ion—water interactions in that
region. Again, it is not clear that water in this region would be
sufficiently like free water.

Although more detailed studies of possible pore structures
are required, any proposal should, according to our present
conclusions, provide for a selectivity region with an environ-
ment for the ion that is electrically very much like water.

1. Claudio, T., Ballivet, M., Patrick, J. & Heinemann, S. (1983) Proc.
Natl. Acad. Sci. USA 80, 1111-1115.



©>P® Now

Neurobiology: Lewis and Stevens

Devillers-Thiery, A., Giraudat, J., Bentaboulet, M. & Changeux,

J.-P. (1983) Proc. Natl. Acad. Sci. USA 80, 2067-2071.

Noda, M., Takahashi, H., Tanabe, T., Toyosato, M., Kikyotani,

S., Furutani, Y., Hirose, T., Takashima, H., Inayama, S., Miyata,

T. & Numa, S. (1983) Nature (London) 302, 528-532.

Kristofferson, D., Fairclough, R., Love, R., Moore, J., Young, E

& Stroud, R. (1983) Cold Spring Harbor Symp Quant. Biol. 48, in

press.

Guy, R. (1983) Biophys. J., in press.

Dreyer, F. & Peper, K. (1974) Pfliigers Arch. 348, 257-262.

Di;nn7e, V. E. & Stevens, C. F. (1975) J. Physiol. (London) 251,
245-270.

Lewis, C. A. (1979) J. Physiol. (London) 286, 417-445.

Roblnson R. A. & Stokes, R. H. (1965) Electrolyte Solutions

(Butterworth London), 2nd Ed.

10.
11.

12.
13.
14.
15.
16.
17.

Proc. Natl. Acad. Sci. USA 80 (1983) 6113

. (1968) Biophys. J. 8, 912-919.

Shatkay, A
. (1972) J. Gen. Physiol. 60, 588

Bezanilla, F. & Armstrong, C. F
608.

Hille, B. (1975) in Membranes-A Series of Advances: Dynamic
Properties of Lipid Bilayers and Biological Membranes, ed. Ei-
senman, G. ( ﬁker New York), Vol. 3, pp. 255-323.

Reuter, H. & Stevens C.F. (1980) J. Membr. Biol. 57, 103-118.
Adams, D. J., Dwyer, T. M. & Hille, B. (1980) J. Gen. Physiol. 75,
493-510.

Huang, L.-Y., Catterall, W. A. & Ehrenstein, G. (1978) J. Gen.
Physiol. 71, 397-410.

Gage, P. W, & Van Helden, D. (1979) ]. Physiol. (London) 288, 509—
528.

Pethig, R. (1979) Dielectric and Electronic Properties of Biolog-
ical Materials (Wiley, New York).



