J Mol Model (2012) 18:3627-3637
DOI 10.1007/s00894-012-1364-9

ORIGINAL PAPER

Transportation behavior of alkali ions
through a cell membrane ion channel. A quantum chemical
description of a simplified isolated model

Ferenc Billes - Ildik6 Mohammed-Ziegler -
Hans Mikosch

Received: 3 November 2011 /Accepted: 17 January 2012 /Published online: 22 February 2012

© Springer-Verlag 2012

Abstract Quantum chemical model calculations were carried
out for modeling the ion transport through an isolated ion
channel of a cell membrane. An isolated part of a natural ion
channel was modeled. The model channel was a calixarene
derivative, hydrated sodium and potassium ions were the
models of the transported ion. The electrostatic potential of
the channel and the energy of the channel-ion system were
calculated as a function of the alkali ion position. Both attrac-
tive and repulsive ion-channel interactions were found. The
calculations — namely the dependence of the system energy
and the atomic charges of the water molecules with respect to
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the position of the alkali ion in the channel — revealed the
molecular-structural background of the potassium selectivity
of this artificial ion channel. It was concluded that the studied
ion channel mimics real biological ion channel quite well.
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spectrum - Ion channel - Ion channel interaction - Quantum
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Introduction

Ion channels are — by definition — pore-forming proteins that
help to establish and control the small voltage gradient across
the plasma membrane of cells by allowing the flow of ions
down their electrochemical gradient [1]. Transport of alkali
metals, particularly sodium and potassium, across cell mem-
branes is an essential function with exceptional selectivity. Ion
channels, e.g., mediate conduction across nerves, thus they are
especially prominent components of the nervous system. They
are typically involved in rapid changes in cells, and therefore
ion channels are key components in a wide variety of biolog-
ical processes, such as cardiac, skeletal, and smooth muscle
contraction, epithelial transport of nutrients and ions, T-cell
activation, etc. Understanding the mechanism of their actions
is an important step in finding efficient treatments for diseases
in which ion channel malfunctions are recognized. In the
search for new drugs, ion channels are frequently targeted
[1-3].

Till now, the properties of ion channels were studied mainly
experimentally [1-4] in their original, biological environment,
i.e., in living organisms. For instance, a nanomagnetometric
study was published by Hall et al. [5], representing the state-
of-the-art. However, among in vitro observations there are two
main approaches for gaining further insight into the working
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mechanism of these channels. One opportunity is to apply
different quantum chemical methods in order to find out the
structural properties of biological molecules at atomic-
molecular level. The other option is to model the functioning
of natural ion channels by artificially built molecular structures.

The results of in silico studies are really diverse. Recently
more attention is also paid to their modeling using both clas-
sical methods [6] and quantum chemical methods. Guidoni
and Carloni [7], for instance, modeled a potassium channel of
an unicellar organism combining quantum chemistry with
molecular mechanics (QC/MM). Roux [8] studied the structure
of Gramicidin A by solid NMR and molecular dynamics
simulations. Grigorenko et al. applied effective fragment po-
tential for cell membrane systems [9]. Vogel’s electronic re-
search note gave a short survey on modeling of transport across
biological membranes with several references [10]. Simulation
of ion current through natural ion channels based on classical
and quantum chemical considerations is further developed
(see, e.g., [11]). Abad et al. [12] observed narrow ion channels.
Poznanski and Bell dealt with the theoretical analysis of the
amplification of synaptic potentials by small clusters of persis-
tent sodium channels in dendrites [13, 14]. Chen, Tsai and
Chen studied a Markov model for the problem of ion channel
modeling [15]. Reviews on the structure-function relationship
of natural ion channels were published by Ash et al. [16] and
Tieleman et al. [17].

As was mentioned above, the second option is to mimic
the natural ion transport system by artificial models and then
to compare the properties of the models with those of the
natural ones. As known, cell membranes are built up from

Fig. 1 Model of a cell
membrane
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lipid double layers. Each layer consists of a series of parallel
oriented molecules with a relatively small polar head and
one (or more) long non-polar alkyl chain(s). The polar heads
are directed toward the membrane surfaces while the non-
polar chains turn toward each other (Fig. 1). The ion chan-
nels have to form a tube for the ion transport. Therefore, the
polar head of the model molecule has to have an orifice, and
at least three long alkyl chains must be attached at the same
side of the head.

Earlier, Bohmer [18] described that feature of calixarenes,
in particular calix[4 ]arene, that they had potential cation filters
since they were readily functionalized on both upper and
lower rims. Calix[4]arenes have a second property which
can be exploited to make ion channels: they exist in different
conformers which can, in some cases, be interconverted. If a
symmetric filter is required it can be constructed from a cone
conformer, however, an asymmetric compound can be pre-
pared from the 1,4-alternate conformer.

Kobuke [19, 20] (after constructing the first non-peptide
ion channel) built both a cation selective and voltage depen-
dent artificial ion channel consisting of two resorcinarene
molecules. This active molecular assembly was proven to be
potassium selective (with a 3x factor over sodium ion) resem-
bling that of Gramicidin A. Conduction of sodium ion could
be blocked by addition of rubidium ions. Conductance was
not observed by analogous compounds prepared with shorter
substituents leading the authors to speculate that the com-
pounds inserted in phospholipid layers exhibited cation trans-
port when two molecules met ‘tail-to-tail’. When cholic acid
derivatives of the resorcin[4]arene were inserted in the bilayer
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structure, the model gave channels with longer open state
lifetimes without affecting the K -selectivity.

Analogous artificial channel was constructed recently
by Kulikov et al. [21] based on a gall[4]arene molecule
substituted with four dodecyl chains (one on each meth-
anediyl bridge) and embedded in phospholipid bilayer
succesfully.

In this work, the properties of Kobuke’s [19, 20]
artificial isolated ion channel were studied: 2,8,14,20-
tetra-n-undecyl-4,6,10,12,16,18,22,24-octahydroxycalix
[4]arene (tetraundecylresorcinarene, TUR, see Fig. 2)
was the model molecule. The transported ion was mod-
eled by a hydrated sodium ion and a potassium one,
respectively. We aimed to characterize the structural
background of the ion selectivity of the molecular as-
sembly containing TUR at the molecular level and to
compare these properties with those of natural ion chan-
nels. In the construction of our model, the capacity of
the applied computer had to be taken into account, therefore a
simplified model was analyzed in this manner.

Experimental section

Compound. 2,8,14,20-tetra-n-undecyl-4,6,10,12,16,18,
22,24-octahydroxycalix[4]arene (CAS number 112247-
07-1) was purchased from Aldrich (as monohydrate,
99.10 % of purity) and applied without any further
purification.

Infrared spectra were recorded on a Nicolet Magna 750
FT-IR spectrometer in KBr pellet at 1 cm™ of resolution by
accumulating 512 scans.

Fig. 2 The intramolecular connections in 2,8,14,20-tetra-n-undecyl-
4,6,10,12,16,18,22,24-octahydroxycalix[4]arene

Calculation methods

With the choice of our model we had to take into consider-
ation our quantum chemical possibilities. These restricted
the size of the model molecule, the quantum chemical
method and the medium of the environment. Regarding
the very large TUR molecule (it contains 192 atoms), the
quantum chemical calculations were restricted to the semi-
empirical level and to the isolated (in vacuum) molecule. A
semiquantitative description of the ion transport process is
possible under these conditions. The Gaussian 98 program
package was applied with the semiempirical AM1 method
[22]. The limit for the molecular orbitals made it impossible
to treat the complete model ion channel in the calculations
together with the surrounding membrane chemical structure,
therefore the computation was restricted to the isolated TUR
molecule.

The first step of the calculations was the geometry opti-
mization. The input geometry was based on our earlier
results on 25,26,27,28-tetrahydroxicalix[4]arene [23]. For
a better handling of the molecule, the four n-undecyl chains
were turned into their all-trans conformation. The result of
the computation was transformed into a coordinate system
with the molecular symmetry axis as one of the coordinate
axes (stressed axis, with arbitrary zero, see Fig. 4, double
TUR). In this step the fundamental frequencies and the
infrared intensities were computed as well. The obtained
data were used for the calculation of the simulated infrared
spectrum.

The collective effect of the channel atoms on the trans-
ported ion can be expressed by the electrostatic potential
function along the symmetry axis. Therefore the second step
of our work was the calculation of the electrostatic potential
in a large region along the direction of the stressed axis
beyond both ends of the molecule. The calculated potential
was practically constant at the end of the undecyl chains and
also beyond the ends. Therefore, it was possible to arrange
two TUR molecules with their apolar feet toward each other
and, to construct the potential function along the full ion
channel axis by simple fitting.

For the ion transport calculations, the geometric parameters
of the Na'+2H,0 and K"+2H,0 complexes were also neces-
sary. The optimized r, geometry of this system was calculated
using DFT Becke3P86 functional and the 6-311 G(d,p) basis
set [22]. At the same time, the fundamental frequencies and
the infrared intensities were also computed and from these
entries, the simulated infrared spectrum was obtained.

The ion channel interactions were followed by AM1 single
point calculations pushing forward the ions along the symme-
try axis of the channel. The system energy and the atomic net
charges of the water part of the Na'+2H,0 and K'+2H,0
clusters (subsystems) were computed as a function of the alkali
ion positions. The single point calculations were computed
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with 0.5 A steps, and, where the energy function changed
rapidly, with 0.25 A steps.

Results and discussion
Geometry of TUR

The computed optimized geometry is presented in Fig. 3.
According to these results, the molecular symmetry is not Cy,
as was expected from Fig. 2 but its symmetry is only C,,, This
is in good agreement with our earlier calculations for
25,26,27,28-tetrahydroxicalix[4]arene [23-26]. The oxygen
atoms form two zones in the —16.55 to -16.45 A and in the —
14.50 to —14.40 A regions of the stressed axis (Fig 4). The
corresponding H atoms of the OH groups are situated in the —
17.45 to —17.40 and in the —14.85 to —14.75 A regions. The
molecule is placed between —17.75 and -1.25 A. On the second
(Fig. 4, right) half of the ion channel, one can find that the
corresponding positions are symmetrical with positive sign.
Comparing our results with those obtained by Mikinen
et al. [27], there are significant differences. In the literature
calculations for this resorcinarene showed extensive intra-
molecular H-bonds and a Cy, structure. Moreover, the sad-
dle conformer prevents the formation H-bonds between
resorcinarene molecules in this paper [27]. However, Cy,
geometry was resulted because the H-bonded structures
were modeled as planar conformers in equilibrium state
and fixed during the calculations. In our calculations it
was obviously not the case since the alkyl groups exhibit
repulsion that prevents the formation of tubular structure.

Fig. 3 The AMI calculated geometry of 2,8,14,20-tetra-n-undecyl-
4,6,10,12,16,18,22,24-octahydroxycalix[4]arene
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Fig. 4 The electrostatic potential along the symmetry axis of the
2,8,14,20-tetra-n-undecyl-4,6,10,12,16,18,22,24-octahydroxycalix[4]
arene molecule

The C,, geometry is the result of the freely moving molec-
ular structure during the calculations.

Electrostatic potential along the ion channel

The calculated electrostatic potential is shown in Fig. 4.
The effect of the OH groups is already observable at a
long distance from these groups, from about —25 A up
to -6.0 A. At the channel entrance, a very strong
attractive potential can act on the ions, its maximum
value is —0.07524 Hartree/a.u. (a.u.: atomic charge unit,
absolute value of the electron charge) at —16.08 A.
Deeper in the channel, the attraction changes to repul-
sion at a maximum at —12.53 A with 0.03130 Hartree/
a.u. The source of this extremum is the repulsive effect
of the hydrogen atoms of hydrocarbon chains toward
the alkali ion. However, this repulsion decreases with
the dilatation of the tubular structure of hydrocar-
bon chains. The potential reaches its initial value again
at about -6.0 A, afterward it remains practically con-
stant. That means, the polar part of the molecule has a
very large effect even far from the OH groups. The
attractive interactions are mainly due to the repulsion
between the M' (M: metal) and the oxygen atoms
carrying partial negative charges. However, the cation-
pi interactions at the mouth of the channel also con-
tribute, since those carbon atoms of the resorcinarene
which are directed toward the channel carry negatively
charged.
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IR spectrum of TUR

Recorded and simulated infrared spectra are compared in
Fig. 5. For the simulation, Lorentzian band shapes were
applied with 15 cm™ of FWHH. The size of the molecule
made impossible the scaling of the calculated force constants
based on the chemical properties of the internal coordinates.
The definition of the necessary 570 internal coordinates and
the work with matrices of 570x570 size prevented us from this
type of scaling. Therefore we multiplied the calculated fre-
quencies with a common 0.92 scale factor. Frequencies higher
than 3300 cm™' were not affected by scaling.

The measured spectrum clearly shows the interactions of
TUR. This compound forms practically infinite quantity of
intermolecular hydrogen bonds, since each TUR molecule
contains 12 hydroxyl groups. The very strong and broad OH
band between 3600 and 3100 cm™ reflects these interac-
tions. Comparing the measured and simulated spectra, it is
clear that hydrogen bonds exist only in condensed state, i.e.,
such intermolecular interactions are not present in the iso-
lated molecule (i.e., this molecule is vacuum) since the OH
groups are far from each other (as apparent from the com-
parison of the OH stretching bands in the 3600-3100 cm™,
and the bending modes in the 1600-1100 cm™ regions).

Theoretically it is possible that intramolecular H-bonds
are also formed. However, for this the solid undecyl resor-
cinarene should be arranged close to planar-structured con-
formers (see, e.g., Mékinen et al. [27]). However, in the
studied and modeled, freely rotating structure the hydroxyl

Fig. 5 Measured and
calculated infrared spectra of
2,8,14,20-tetra-n-undecyl-
4,6,10,12,16,18,22,24-
octahydroxycalix[4]arene
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groups corresponding to different resorcinol moieties are
relatively far from each other (8,2-8,3 A) therefore the
formation of intramolecular hydrogen bonds is hindered.
Therefore it can be concluded that under the studied con-
ditions, intermolecular hydrogen bonds are not formed.

The hydrated sodium and potassium ions

It is well-known that alkali ions coordinates four water
molecule in the solid state. However, Rempe and Pratt
[28] observed the energetics of hydrated alkali ions with
maximum four water molecules while moving along an ion
channel and found that protein functional groups stabilize
both sodium and potassium ions by replacing their first
inner shell water molecules (with equal favor). That means
a substantial contribution to ion channel selectivity arises
from thermodynamic features of exchange between the hy-
drated ion ligands and carbonyl or other functional groups
on the ion channel wall. Actually, alkali ions hydrated by
four water molecules are too large compared to the pore size
of the TUR molecule in spite of the fact that ion transport
through this ion channel was experimentally justified [19,
20]. Therefore in our model, the alkali ions were hydrated
by two water molecules instead of the maximal four.

As was expected, bihydrated sodium and potassium ions
exist in C,, symmetry. Figure 6 shows their structure,
Table 1 contains their optimized r, geometric parameters.
Comparing the geometric parameters of the two complexes,
considerable difference exists only between the alkali ion-

Infrared spectra of 2,8, 14,20-tetra-n-undecyl-
4,6,10,12,16,18,22,24-octahydroxycalix[4]arene
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Fig. 6 The calculated H

structures of the Na"+2H,0 and

K'+2H,0 complexes &
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oxygen distances. This is a consequence of the differences
in the ionic radii (see Table 3). Table 2 presents the net
atomic charges of the optimized structures. It is interesting
that the atomic net charge of both the Na" and the K" ions is
less than one a.u.. Considering the greater ion-oxygen dis-
tance, the effect of the potassium ion on the water molecules
is less than in the case of sodium ion. Therefore, the potas-
sium ion remains more positive than the sodium cation in
hydrated state, and its influence on the water molecules is
less. Consequently, the oxygen atom has less negative, and
the hydrogen ion has less positive charge in the K'+2H,0
complex than in the Na'+2H,O system.

The artificial ion channel

Our ion channel model is set aside from the environment
existing in a living cell. Therefore we describe it semiquan-
titatively. Thus, it has to be kept in mind that the calculated
energy, charge and potential values introduce the living ion
channel properties in the frame of our approximation mainly
in their tendencies.

The structure of the ion channel and the electrostatic
potential along its symmetry axis are presented in Fig 4.
As was mentioned above, the channel was calculated by
fitting of two TUR molecules. The distance between the
nonpolar feet of the two molecules was chosen as 2.5 A.
The TUR molecule on the right side was rotated around its
symmetry axis by 45° to the left for the simulation of the
possible random positions of the molecules in the real cell
membrane. This rotation, however, has no influence on the
electrostatic potential energy at the symmetry axis. The

Table 1 Optimized geometric parameters of the Na™+2H,O and
K*+2H,0 complexes®

Parameter Optimized Parameter Optimized
Na'+2H,0 value® K'+2H,0 value®
Na-O 2.268 K-O 2.606
O-H 0.963 O-H 0.962
Na-H 2.812 K-H 3.196
Na-O-H 127.5 K-O-H 127.8
H-O-H 105.1 H-O-H 104.4

*Becke3P86/6-311G(d,p) calculations

® Distances are expressed in angstroms, and angles in degrees

@ Springer

potential function is, therefore, symmetric: the graph of the
function on the right side of the molecule is a mirror image
of that of the left side of the molecule. The function has
minima at —16.33 and at 16.33 A, both with —0.07524
Hartree/a.ch.u. The two maxima are at —12.78 A and at
12.78 A, both with 0.03130 Hartree/a.ch.u. (Fig. 7). Conse-
quently, the oxygen atoms of the bihydrated ions form four
zones with extreme values in the —16.55 to -16.45, the —
14.50 to —14.40, 14.40 to 14.50 and 16.40 to 16.50 A
regions of the symmetry axis (Fig. 8). The corresponding
H atoms of the OH groups are situated in the —17.45 to —
17.40, —14.85 to —14.75, 14.75 to 14.85 and 17.40 to
17.45 A regions (Fig. 9).

In our calculations, the polar head of the TUR molecule
on the left side of the channel was regarded as input for the
ions. This molecule was placed between —17.75 and —
1.25 A. According to this model, the polar head of the
molecule on the right side is the channel output. This mol-
ecule is situated between 1.25 and 17.75 A (output).

Ion transport

The alkali ion transport is characterized by the change of the
system energy (TUR+subsystem complex) during its move-
ment along the symmetry axis of the channel. This function
has maxima at about —12.53 A on the stressed coordinate
(entrance region of the channel) and at about 12.53 A (exit
region of the channel) both of them with -0.5330 Hartree.
Figures 7, 8, and 9 show the potential function in compar-
ison with several other functions depending on the type and
position of alkali ion.

The dehydrated sodium and potassium ions show very
strong interactions with the active zones while crossing the
polar heads of the channel (Fig. 7). Two potential maxima at

Table 2 Atomic net charges in the Na'+2H,0 and K'+2H,0
complexes?®

Atom Net charge (a.u.) Atom Net charge (a.u.)
Na" 0.8265 K" 0.8737

all O —0.5403 all O —0.5371

allH 0.3135 all H 0.3001

#Becke3P86/6-311G(d,p) calculations
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Fig. 7 Electrostatic potential
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the ion channel

about —14.0 and +14 A are resulted. These maxima can be
found between the minima and maxima of the potential
curve. The positions of the maxima are independent of the
chemical nature of the ion, however, the interaction with the
potassium ion is stronger.

The energy functions of the bihydrated alkali ion trans-
port through the ion channel are rather complex. The mov-
ing complex consists of five different parts while interacting
with the atoms of the channel. At the front of the moving
system, there are the hydrogen atoms of a water molecule,
behind them the front oxygen atom is positioned, the alkali
ion is located in the middle of the complex. It is followed by
the oxygen atom of the back water molecule and at the tail
there are the back hydrogens of this molecule. These five
parts cross the active zones of the channel at different
positions of the alkali ions. For illustration, the geometric
parameters of the subsystems are presented in Table 2. The
total length of the sodium complex is about 5.6 A, while that
of the potassium is 6.2 A.

@ Springer

The energy function of the hydrated ions has three max-
ima in each half of the channel; i.e., altogether six (Figs. 8
and 9). Theoretically, more maxima may exist, since all
seven atoms of the subsystems may interact with all the
atoms of all channel hydroxyl groups. However, as it was
mentioned above, there are only two oxygen and two hy-
droxyl hydrogen zones in a half channel and only the H...O
and Na...O (K...O) interactions are strong. In this way,
some interactions overlap. The energy maxima with the
Na'+2H20 complex are -0.6575 Hartree (at £15.75 A), -
0.6158 Hartree (at £14.00 A) and a shoulder with —0.7255
Hartree (at £11.50 A). The interactions with the K™+2H,0
complex are also substantially stronger here than those with
the hydrated sodium ion. However, only two maxima were
observed with —0.4262 Hartree at £14.00 A and two should-
ers at about £15.50 A £11.50 A. The last one is only slightly
observable (see Fig. 8). The maxima at £14.0 A have the
same positions as in the case of dehydrated ions but the
channel-ion interactions are shielded here by the water
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Table 3 Some results on the

structure optimizations of alkali Ion  Input Optimized Displacement®  Net ionic Net ionic Ionic

ions in the attifical ion channel position® position® charge® charge® radius?

Li* -17.500 —14.278 3.222 1.071 1.071 0.600

+ — — —

%See Fig, 4 for the channel axis Ni. 17.500 18.647 1.147 1.000 1.000 0.950

coordinate, angstroms K" -17.500 -10.179 7.321 1.000 1.000 1330
+

PMulliken’s atomic net charges, Rb"™ —17.500 -16.960 0.540 1.000 1.000 1.480

au Li*  -13.000 -11.959 1.041 1.113 1.113 0.600

“Mulliken’s net charges, those of Na"  —13.000 —6.174 6.826 1.000 1.000 0.950

joined atoms summed to that of = 13000 4324 8.676 1.000 1.000 1.330

the heavy atom Rb*  —13.000 ~12.352 0.648 1.000 1.000 1.480

9Pauli’s ionic radii, angstroms

molecules, and therefore they are weaker. The two other
maxima / shoulders reflect the channel-water interactions.

As was mentioned above, the net charges of the alkali ions
in optimized structure of the bihydrated alkali complexes is less
than one (Table 2). However, during the transports along the
ion channel, the alkali ion charges are found to always be one.

It is interesting to follow the changes in the atomic net
charges of the water molecules along the channel. Although
the complexes are symmetric, from the point of view of the
motion along the channel, they are not equivalent. We have
to distinguish front and back water molecules. Besides, the
hydrogen atoms in the front are before the oxygen, while on
the back side the order is opposite.

The net charges of the front oxygen atoms have maxima at —
14.00 A, -15.70 Aand beyond the exit at 18.75 A. The minima
were found at —10.75 A, 17.50 A and beyond the channel exit
at 20.25 A. For the back oxygen atoms, all the maxima and

minima were observed with opposite sign. The positions of
these extrema refer to the oxygen atoms of both sodium and
potassium complexes.

The charge functions of the front and back hydrogen
atoms of the hydrated complexes are somewhat different.
There are small differences in the charges of hydrogen
atom pairs of the same water molecule. This fact reflects
their slightly different chemical environment. Their
obtained average charge functions are presented in
Fig. 9. At the entrance of the channel, the front hydrogen
meets the polar head of the TUR and moves along the
apolar part of the molecule. By moving forward the aque-
ous ion-complex “feels” the field of the apolar part of the
second TUR and by crossing through, the polar zone
reaches the exit. The situation of the front and back
hydrogens is similar with regard to the effect of the oxy-
gens of the hydrated ions.
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The charge functions of the front hydrogens have maxima
at—11.25 A, 16.75 A and beyond the channel exit at 20.25 A.
Their minima can be found at —14.00 A, 14.50 A and beyond
the exit at 18.50 A. The charge function of the back hydrogens
shows maxima and minima with opposite sign.

The interactions with the potassium complex are always
stronger than the same with the sodium analogue. This is
reflected in the higher system energy, in the more positive
hydrogen charges (Fig. 9) and in the more negative oxygens
(Fig. 8). The charge value extrema at —14.00 and 14.00 A are
identical with those found in case of the dehydrated alkali ions.

Summarizing up, according to our models, the investi-
gated ion channels exhibit both attracting and repulsing
potentials for the transported ion. In order to improve the
ion conducting properties of the artificial ion channel, an
auxiliary potential has to be introduced along the channel
for carrying out the ion transport across the cell membrane.

Dynamic ion-channel interactions

The optimal location of different alkali ions in the ion
channel is obviously characteristic and it forms the base of
the selectivity of an ion channel. That is why the motion of
different alkali ions were simulated where they tend to move
along due to different attraction and repulsion effects of
inner part of the artificial ion channel. In the frame of the
possibilities of the Gaussian 98 program package [22] we
investigated the effects of several alkali ions, namely, Li",
Na“, K" and Rb". Only a half channel, i.e., one TUR was
investigated within which the optimal position of the studied
ion could be characterized by potential energy minimum.
Two different starting positions were chosen for the calcu-
lation of optimal locations of every ion in the input files, the
optimizations started with these selected geometries. The
first optimal position was found before the input slot of
the channel at the —17.5 A position along the channel axis
(see Fig. 4). In the second case, the positioning of the ion
was started at the maximal positive electrostatic potential
along the channel axis, at the —13.0 A position.

By comparing the results of the structure optimizations,
the behavior of the studied alkali ions were found very
different. Table 3 contains the most important data. By
starting the optimization from the channel slot, the ions were
driven along the channel axis in a very different way.

Lithium forms a very small ion. It moves a lot from the
slot into the inner part of the channel, similarly it will move
away for a longer distance to find the maximum place of the
electrostatic potential. This ion exhibits a strong interaction
with the channel environment, probably due to its high
charge density. Its Mullikan charge exceeds +1.

The behavior of sodium ion in the artificial ion channel is
absolutely different. Our calculations shows that the Na* ion
will be repulsed outside form the slot and repulsed far from
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the place of the maximal electrostatic potential deep into the
small potential part of the channel.

The interactions of potassium ion are very different
again. One may expect that the larger ion will be attracted
from the slot like the Na'. However, just the opposite
occurs. The K penetrates from the slot very deeply into
the inner part the channel as it became evident from the
result of the second calculation (Fig. 10). This result
explains the potassium-selectivity of the TUR channel over
sodium (see also Refs. [19, 20]).

Regarding the rubidium ion, one can say, the effect of the
relatively large size of the ion can be observed. The dis-
placement of this ion is small according to results of both
calculations. The space between the benzene rings seems
relatively narrow for this ion. Its electrostatic repulsion is
smaller inside the channel than for the other investigated
ions. That could be the reason why Tanaka et al. [19]
observed that rubidium ions blocked the transport of sodium
ions through TUR channel.

Conclusions

The behavior of the alkali ions from lithium to potassium
shows a definite trend in finding their position with mini-
mum energy in our ion channel model, if the starting posi-
tion of the ion is in the polar head of the TUR. This trend,
however, breaks with the rubidium ion. The atomic-
molecular structure of this molecular assembly — i.e., TUR
embedded in phospholipid bilayer — and the motion of the
different hydrated alkali ions toward the optimal minimal
energy locations of the TUR explain the potassium selectiv-
ity of this artificial ion channel over sodium. It is also
understandable why the rubidium ion can prevent sodium-
transport through TUR channel. This trend is in line with
experimental results (see [19, 20]).

The ultimate conclusion can be that TUR molecule esti-
mates the ion transporting features of a natural, potassium
selective ion channel quite well, thus it is a suitable model of
ion transport across a natural Gramicidin-type ion channel.
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