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A Mechanism for lon Selectivity in
Potassium Channels: Computational
Studies of Cation-1r Interactions

Robert A. Kumpf and Dennis A. Dougherty*

A combination of computational methods has been used to evaluate the interaction between
the  face of a benzene molecule and the monovalent cations of lithium, sodium, potassium,
and rubidium. In the gas phase, the ions are strongly bound, and the affinity for benzene
follows the expected electrostatic trend (lithium, largest; rubidium, smallest). However, in an
aqueous environment, a reordering occurs such that the potassium ion is preferred over all
the other ions for 2:1 benzene:ion complexes. The selectivity sequence parallels that seen
in voltage-gated potassium channels. Given that several conserved aromatic residues are
present in the pore region of such channels, these results suggest that the cation-w inter-
action may be responsible for the ion selectivity in potassium channels.

The current interest in K* channels, which
has followed the successful molecular cloning
of the shaker gene of Drosophila, has produced
many valuable and often surprising insights
(1, 2). The channel is a homotetramer, with
each subunit containing six putative mem-
brane-spanning helices and a “pore” region,
which lies between the fifth and sixth trans-
membrane helices and delineates the ion
channel (3). An important feature of the
shaker channel and related structures is their
considerable ion selectivity; K is preferred
over Na*t and Li* by a large margin and over
larger ions such as Rb* to a smaller but still
significant extent (2). A major challenge in
the ion channel field is the identification of
the molecular interactions responsible for this
selectivity. In this context, we, and no doubt
others, were intrigued by the amino acid
sequences of these channels in the pore re-
gion. In shaker, the sequence is . . . AFW-
WAVVIMTTVGYGDMT. ..  (boldface
indicates generally conserved residues) (4).
From our perspective, the sequence is surpris-
ingly hydrophobic in comparison to what
might have been expected for a cation chan-
nel. Of special interest to us were the large
number of conserved aromatic residues (F, Y,
and W) in the pore.

The aromatic residues caught our atten-
tion because of our long-standing interest in
the “cation-" interaction (5, 6) (Scheme
1). This is the stabilizing interaction be-
tween a cation and the electron-rich face of
an aromatic ring.

Scheme 1. The cation-m interaction.

Such interactions have been observed in
the gas phase (7, 8) and in the “amino-
aromatic” interaction noted in protein
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crystal structures by Burley and Petsko (9).
We have shown, using a series of synthetic
receptors, that this effect can provide a
quite powerful force for molecular recog-
nition in aqueous media (6). On the basis
of these model studies, we proposed (5)
that the cation-w interaction would be
important in binding the positive charge
of the neurotransmitter acetylcholine
(ACh). This suggestion has received con-
siderable support from studies of ACh
receptors (10) and the crystal structure of
the ACh esterase (I1). In addition, cat-
ion-Tr interactions are thought to be im-
portant in the binding of more hydrophilic
cations, such as the guanidinium ion of
Arg (12), and RNH;* groups of neuro-
transmitters, such as norepinephrine, do-
pamine, and serotonin (13).

Here, we explore the possible role of the
cation-T interaction with regard to the ion
selectivity of the shaker channel. In partic-
ular, we evaluate the cation-m interaction
of the monovalent ions Li*, Na*, K*, and
Rb* in aqueous media. Our studies are
computational in nature and involve simple
models compared with the actual channel.
Despite the simplicity of these models, we
believe the results provide strong permissive
evidence for the involvement of the cat-
ion-Tr interaction in establishing the ion
selectivity of K* channels.

We performed two series of simula-
tions, one on M*+benzene complexes and
one on benzene*M " benzene complexes,
where Mt = Li*, Na*, K*, and Rb*
(Fig. 1). Benzene is the prototypical aro-
matic group and thus serves as a model for
the 1 systems of the amino acid sidechains
of Phe, Tyr, and Trp. An absolute
M*-benzene binding energy in the gas
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phase was obtained by ab initio quantum
mechanical methods (14) with optimiza-
tion of the distance between M™ and the
centroid of the benzene ring. This pro-
duces binding energies, AEP™, for the
various ions. Similar calculations were
performed for the benzene~M*+benzene
complexes (Table 1).

To evaluate aqueous solvation effects,
we conducted Monte Carlo simulations us-
ing statistical perturbation theory to evalu-
ate the relative solvation free energies of
pairs of species, expressed as AG®! (15).
Simulations were carried out on both the
naked ions and the ion-benzene complexes.
Combination of the calculated results, ac-
cording to the equation given in Fig. 1,
provides AAG,_, the relative stability of a
pair of M*-+benzene complexes in water.
For the benzene*M*+benzene complexes,
two versions of the same scheme were used.
In model I, each complex was considered at
its optimal gas-phase benzene~benzene sep-
aration. In model II, the benzene*+benzene
separation was fixed at the optimal K*
distance for comparison with Li* and Na*;
for the K*-Rb* comparison, the Rb* dis-
tance was used. These models mimic two
limiting cases: One where the channel is
completely free to adjust to the different
sizes of the various ions, and one where it is
locked into a geometry that is optimal for
the larger ion of the pair. The results of the
calculations are summarized in Fig. 2.

Several aspects of the data deserve further
comment. First, in the gas phase, the
M™*benzene binding sequence (Table 1) is
Li* > Na* > K* > Rb* for both 1:1 and
2:1 complexes. This is the sequence seen in
conventional electrostatic binding. In fact, a
linear relation can be obtained between
M™benzene and M*-~Cl~ binding energies.
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Fig. 1. Calculation of AAG,, from AE,°"® and
AE,Pd, the gas-phase binding energies, and
AG,*° and AG,®, the relative agueous solva-
tion free energies. We have assumed that en-
tropic and vibrational contributions to the bind-
ing energies are similar for all of the complexes,
which is supported by experimental data (7).
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Fig. 2. Values of AAG,, (in kilo-
calories per mole with one stan-
dard deviation). A positive num-
ber indicates K* binding is pre-
ferred. The actual reactions stud-
ied correspond to the bottom
reaction in Fig. 1: The spectator
ions are omitted here. For the 2:1
complexes, the top value corre-

sponds to model |, and the num- || - K*
ber in parentheses refers to mod-
el Il.

Thus, in the gas-phase cation-mr interaction,
benzene behaves much like a weak anion.

A change to an aqueous environment
causes a surprising reordering to occur. For
the M*-benzene complexes, K* is pre-
ferred over Na* and Rb*. The smallest
ion, Li*, is still the best ligand for ben-
zene. However, even this preference is
reversed for the benzeneM*--benzene
complexes, and K* is preferred over all
the other ions (Fig. 2). '

" This result can be rationalized with ref-
erence to the extreme comparison of Li*
versus K*. In the benzene-Li*-benzene
complex (Fig. 3A), the benzene~benzene
distance in model I is small enough that no
water molecules (which are about the size of
K*) can solvate the Li*. Thus, two ben-
zene rings completely remove the first aque-
ous solvation shell of Li*, and the energetic
penalty for desolvation is large. In the
benzene-~K™*-benzene complex (Fig. 3B),
there is space for some direct aqueous sol-
vation of the K*. Thus, although the in-
teraction with the benzene is weaker than
in the Li* case, the desolvation penalty is

AAG,g

S O ------ Li* 1.7040.47
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less, and K* is preferred. In model II, where
the benzene-benzene distance is fixed at
that for the K* complex (perhaps a situa-
tion more relevant to a K* channel), sol-
vation of the Li* is improved, but the K*
complex is still preferred. Note that in this
case, the Li* is very much off center (Table
1), strongly bound to one benzene but
weakly bound to the other. This type of
reasoning is fully supported by the radial
distribution functions from the Monte
Carlo simulations. The data for the other
ions can be rationalized with a similar
balance of binding and desolvation effects.

The calculations we describe represent
the state-of-the-art in liquid simulations,
and we are confident that the fundamental
conclusion concerning a reversal of ion se-
lectivities in water versus the gas phase is
correct. Theories of ion permeability, such
as Eisenman theory (16), invariably invoke a
balance of two forces: that of a binding
interaction between the ion and some site (s)
in the channel, and that of the desolvation
of the ion. It has been known for some time
that almost any ion selectivity sequence can
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Fig. 3. Optimized benzene~-M+*--benzene com-
plexes for model | where (A) M = Li and (B) M
=K

be obtained if a proper balance is struck.
What we provide here is a molecular descrip-
tion of a specific interaction that appears to
lead naturally to the kinds of selectivity seen
in K* channels (17, 18).

The issue of biological relevance is com-
plex. Our calculations emphasize the roles of
binding and desolvation, and there. is evi-
dence that these are important in the actual
channel as well. Streaming potential mea-
surements (19) suggest that K* is substan-
tially desolvated as it traverses the mem-
brane. Consequently, direct interactions
with some site(s) in the pore region would
seem to be essential. Because the actual
channel is a tetramer, we feel that an attrac-
tive model for the selectivity filter would
involve a ring of aromatic residues located at
a constricted region of the pore. Thus, the
K™* could be coordinated by four aromatic
rings in an equatorial plane, with water
molecules occupying the two axial positions.
In fact, recent computational models for the
full K* channel (20, 21) do indicate a
prominent role for aromatic residues in the
establishment of the selectivity filter. One
model (20) explicitly proposes a ring of
tyrosines (from the GYG sequence), and the
authors suggest that cation-Tr interactions
might be involved. We provide a physical
basis for such an arrangement producing K*
selectivity. Of course, our calculations pro-
vide only permissive evidence for the oper-
ation of cation-Tr interactions in the deter-
mination of the ion selectivity of voltage-
gated potassium channels, and we look for-
ward to further experimental studies of
intact channels to confirm or deny its role.

Table 1. Gas-phase binding data. All binding energies, which are reported as absolute values, are negative (thermodynamically favorable).

2:1 complexes

lonic Aqueous M*-CI— 1:1 complexes
lon radius* solvation binding Model | Model Il
A energy energyt
(kcal/mol) (kcal/mol) AEbind AEbind AE®nd
(kcal/mol) r®l (kcal/mol) r®| (kcal/mol) r®|

Li* 0.60 122 1563 39.5% 1.96 65.1 212 47.7 2.09, 3.7
Na* 0.95 98 134 24.4 2.41 449 2.48 38.6 2.85,2.99
K+ 133 81 120 19.2§ 2.88 359 2.92 354 3.03

Rb+ 1.48 75 115 16.8 2.96 28.7 3.03 28.7 3.03
*From (2). tEqual to the gas-phase, heterolytic bond dissociation energy of MCI. tExperimental change in enthalpy —AH = 38.3 kcal/mol [calculated with data from

(8), assumes a change in entropy AS°® = 23 entropy units].

of benzene ring. Two values indicate asymmetric placement of ion.
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§Experimental —AH = 19.2 kcal/mol (corrected value = 18.3 kcal/mol) (7).

|Distance from M+ to center
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Unusual Radar Echoes from the
Greenland Ice Sheet

E. J. Rignot, S. J. Ostro, J. J. van Zyl, K. C. Jezek

Airborne radar images of part of the Greenland ice sheet reveal icy terrain whose radar
properties are unique among radar-studied terrestrial surfaces but resemble those of
Jupiter’s icy Galilean satellites. The 5.6- and 24-centimeter-wavelength echoes from the
Greenland percolation zone, like the 3.5- and 13-centimeter-wavelength echoes from the
icy satellites, are extremely intense and.have anomalous circular and linear polarization
ratios. However, the detailed subsurface configurations of the Galilean satellite regoliths,
where heterogeneities are the product of prolonged meteoroid bombardment, are unlikely
to resemble that within the Greenland percolation zone, where heterogeneities are the

product of seasonal melting and refreezing.

It has been known since the 1970s that
radar echoes from the icy Galilean satellites
are extraordinary (I). The radar reflectivi-
ties (2) of Europa, Ganymede, and Callisto
are several orders of magnitude greater than
those recorded for comets, the moon, the
inner planets, and nonmetallic asteroids,
and they show little dependence on the
radar wavelength. In addition, the circular
polarization ratios po of the icy satellites
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(3) exceed unity (uc is less than 0.4 for
most other planetary targets), and their
linear polarization ratios p, are ~0.5 (also
larger than values for other planets) (4).
More recently, radar observations of the
residual south polar ice cap of Mars (5),
portions of Titan (6), and polar caps on
Mercury (7) have revealed that surfaces
with high radar reflectivity and po > 1
exist elsewhere in the solar system.

Here we report the measurement of sim-
ilarly exotic radar signatures for icy surfaces
on Earth. The observations were collected
in June 1991 by the National Aeronautics
and Space Administration (NASA)-Jet





