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Abstract: lon channels, specialized pore-forming proteins, are an indispensable component of the nervous
system and play a crucial role in regulating cardiac, skeletal, and smooth muscle contraction. Potassium
ion channels, controlling the action potential of a number of excitable cells, are characterized by a remarkable
ability to select K™ over Na™. Although the molecular basis for this striking ion selectivity has been a subject
of extensive investigations using both experimental and theoretical methods, the following outstanding
questions remain: (a) To what extent is the number of water molecules bound to the permeating ion (i.e.,
the hydration number) important for the K*/Na®™ competition? (b) Are the chemical type and number of
coordinating groups lining the pore critical for the selectivity process? (c) Apart from providing cation-
ligating groups, do the channel walls play any other role in the selectivity process? This work reveals that
the pore’s selectivity for K" over Na* increases with (i) increasing hydration number of K* relative to that
of Na*, (ii) increasing number of K*-coordinating dipoles, (iii) increasing number of Na*-coordinating dipoles,
and (iv) decreasing magnitude of the coordinating dipoles provided by the pore. Thus, a high K*/Na*®
selectivity in K* channels could be achieved from a combination of several favorable factors involving the
native ion, the metal-coordinating ligands, and the protein matrix, viz., (a) an octahydrated permeating K*,
(b) a pore lined with 8 carbonyl ligands, and (c) finely tuned physicomechanical properties of the channel
walls providing a low dielectric medium favoring a high hydration number for the permeating K* and enough
stiffness to force the competing Na™ to adopt an unfavorable 8-fold coordination. This implies that optimal
K*/Na™" selectivity in K* channels generally does not arise from solely structural or energetic consideration.
The factors affecting ion selectivity revealed herein help to rationalize why valinomycin and the KcsA ion
channels are highly K*-selective, whereas the NaK channel is nonselective. The calculations predict that
other pores containing a different number/chemical type of coordinating groups from those observed in
potassium channels could also select K* over Na*.

Introduction

Ion channels are specialized pore-forming proteins, which,
by regulating the ion flow through the cellular membrane, exert
control on electrical signals in cells.! They are an indispensable
component of the nervous system and play a crucial role in
regulating cardiac, skeletal, and smooth muscle contraction.
Among the ion channels, the monovalent ion channels (conduct-
ing K™ or Na™) are of particular importance, as they control
the action potential of a number of excitable cells by polarizing/
depolarizing the cell membrane. Potassium or sodium ion
channels are characterized by a remarkable ability to discrimi-
nate between cations of the same charge and similar ionic radii
in favor of the native ion. Thus, K* channels select K™ over
Na™ by a ratio of ~1000:1," whereas the epithelial Na* channel
(ENaC) exhibits a Na*/K™ selectivity ratio higher than 500:1.>
Both types of channels do not allow anions to enter, and are
blocked by divalent cations.

The molecular basis for this striking ion selectivity has been
a subject of extensive investigations using both experimental
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and theoretical methods in attempts to unravel the key deter-
minants governing the cation selectivity in monovalent ion
channels. The 3D structures of valinomycin, a small, highly K*-
selective ionophore*” and several ion channels such as the
potassium KcsA channel®’ and the nonselective NaK channel®
show that the pores are lined with oxygen atoms with partial
negative charges that repel anions, explaining the rejection of
anions. On the other hand, simulation studies suggest that
divalent ions block the K™ channels because they are bound so
tightly that they are unlikely to leave, even with the aid of
repulsion from nearby cations.”'° In contrast to valence (charge)
selectivity, no consensus has so far been reached on the major
factors dictating K vs Na™ size selectivity in monovalent ion
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Figure 1. Ball and stick diagrams of K* complexes with (a) KcsA channel
selectivity filter (PDB entry 1K4C) and (b) valinomycin (CSD entry
TEFBAH). Color scheme: green, C; blue, N; red, O; and magenta, K.

channels, although the roles of various factors such as the pore
size/flexibility,"' ~'* dehydration penalty of the permeating
cations,' 131 the electrostatic interactions between the cation
and channel dipoles,”'*'%!5-1® and the architecture of the metal-
binding site'*'”"'° have been examined (see below).

Potassium channel selectivity is an outcome of the competi-
tion between the bulk solvent and the protein ligands for the
native ion and a “rival” cation, e.g., Na™, and can be assessed
by the free energy of the K* — Na™ exchange reaction,

[Na*-aq] + [K"-channel] — [Na-channel] + [K*-aq]

In eq 1, [Na*-aq] and [K*-aq] represent hydrated Na* and K*
ions outside the selectivity filter, respectively, whereas [Na*-
channel] and [K"-channel] denote Na*™ and K* bound to the
ion channel. The selectivity filter is the region that controls the
ion selectivity of a given ion channel. It forms the narrowest
part of the pore and may consist of one or a few tri-, tetra- or
pentameric rings lined with metal-coordinating groups such as
backbone amide groups or amino acid side chains (Ser, Thr,
Asp or Glu). For example, the potassium KcsA channel has a
carbonyl-rich selectivity filter comprised of four tetrameric rings
one on top of the other (see Figure 1).” For this ion channel,
the experimentally established ion exchange free energy for eq
1, AG(K™Na'), is ~5—6 kcal/mol,>>?! with a lower bound
of 3 kcal/mol.?* This value has been successfully reproduced
by a number of free energy perturbation calculations which,
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despite differences in the models and simulation protocols used,
yield AG(K™—Na™) between 4 and 6 kcal/mol.'>1¢17-23728 The
consensus from these simulation studies is that the selectivity
filter is quite flexible: the root-mean-square fluctuations of the
atoms lining the filter are of the order of 0.5—1.0 A, consistent
with the crystallographic thermal B-factors.” These structural
fluctuations are greater than the ionic radii difference between
hexahydrated K and Na* (0.36 A),*® enabling the carbonyl
oxygen atoms to adjust their positions to bind Na™, precluding
size-based selectivity. Hence, the classical “snug-fit” mechanism,'**
which assumes a rigid pore of precise geometry that snugly
fits only K* but not the smaller Na*, does not seem to control
ion selectivity in KcsA channels.'*

However, the theoretical studies disagree on the key factor(s)
determining the selectivity of Kt over Na™ in K channels.
Noskov et al.'>'®?8 proposed a “carbonyl-repulsion” mechanism
whereby the increased CO—CO repulsion upon coordinating
the smaller Na™ leads to K™/Na® selectivity in K* channels.
They emphasized that the unigue carbonyl ligating properties
(especially the magnitude of the C=0 dipole moment), but not
the architectural rigidity and thus size of the pore, leads to
selectivity. Several groups have subsequently challenged this
view. Bostick and Brooks?’ concluded that “carbonyl moieties
are not uniquely suited to select K™ over Na*”, as even water
ligands have the potential to discriminate between the two
cations; rather, external topological restraints from the protein
are needed for selective binding of Kt by carbonyl ligands.
Likewise, Thomas et al.!” concluded that the intrinsic dipole
moment of the carbonyl ligands is not the key factor creating
K™ selectivity in Kt channels since selectivity is lost when the
carbonyl ligands have complete freedom to orient about the ions.
They together with Varma and Rempe'® found that the 8-fold
coordination of the permeating ions in the selectivity filter, which
favors K™ over the smaller Na®, is the key cause of K
selectivity in Kt channels, in accord with earlier density
functional theory (DFT) studies by Ban et al.*' Such an 8-fold
coordination is enforced by some form of rigidity provided by
the protein matrix, as structural distortions that reduce the Na*
coordination number from 8 to 6 or 5 in the selectivity filter
reversed ion selectivity in favor of Nat.'7'® Thus, structural
rigidity is needed for K* selectivity in K* channels like the
classical “snug-fit” mechanism,'**° but not to maintain specific
pore size; instead it is to maintain specific metal coordination
numbers.'*?

The above summary of the key findings on the cation
competition in K* channels shows that the major determinants
of ion selectivity remain elusive. Notably, although the effect
of the cation coordination number in the selectivity filter (the
number of filter ligands coordinated to the metal cation) in
determining the pore selectivity has been investigated, the effect
of the cation hydration number in metal—aqua complexes (the
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number of water ligands coordinated to the metal cation) in the
process has received little attention. Several outstanding ques-
tions remain: (1) To what extent is the permeating ion hydration
number important for the K*/Na' competition? (2) Are the
number and the chemical type of the coordinating groups lining
the selectivity filter critical for the selectivity process? In other
words, can fewer than 8 coordinating ligands that are not
carbonyl groups also give rise to K¥/Na* selectivity? (3) Apart
from providing cation-ligating groups, do the channel walls play
any other role in the selectivity process?

Herein, the above questions are addressed by modeling K*
with a hydration number ranging from 6 to 8, as observed
experimentally,* and ion channel selectivity filters with coor-
dinating groups differing in number (4, 5, 6 or 8) and type
(—CONH,; or —OH). Since our aim is to evaluate qualitatively
how various factors such as (i) the hydration number of K*
relative to that of Na%, (ii) the solvent exposure (dielectric
constant) of the channel pore, (iii) the numbers of K- and Na*-
coordinating dipoles, and (iv) the magnitude of the metal-
coordinating dipoles affect the K¥/Na™ selectivity not only for
a specific ion channel but for both selective and nonselective
channel proteins, we will employ a combined DFT/continuum
dielectric approach, as in previous works.>*~** Furthermore,
since the first-shell ligands play a key role in the K*/Na*
competition,? they and the metal cations were treated explicitly
using DFT to account for electronic effects such as polarization
of the participating entities and charge transfer from the ligands
to the metal cation, whereas the rest of the protein was
represented by a continuum dielectric varying from 4 to 20 (see
Methods). The DFT and continuum dielectric calculations were
rigorously calibrated against all available experimental data and
used to compute the ion exchange free energies, AG(K*—Na),
in the gas phase and in a protein environment, as described in
the next section.

Methods

Models Used. (1) Aqueous Solution. The number of water
molecules bound to the metal ion was assigned according to the
experimental first-shell hydration number of the ion in aqueous
solution. For Na', this number is predominantly 6,'®27-3%3¢ 5o
hexahydrated [Na(H,O)s]" was modeled. On the other hand, the
first-shell hydration number of K in aqueous solution is more
variable, ranging from 6 to 8,'32732-3773% whereas inside the KcsA
central cavity, K" is found bound to eight water molecules.” In
accord with the experimental and theoretical findings, K hydrates
were modeled as [K(H,0)¢]", [K(H,0);]", and [K(H,0)s]".

(2) Ton Channel. The peptide backbone groups in K* channels
were modeled by —CONH,, while Ser/Thr side chains that have
been found to line some ion channel selectivity filters were modeled
by —OH.*°~*? Different numbers (3, 4 or 5) of these amide or
hydroxyl groups were coordinated to the permeating ion (Na™ or
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K™) and attached to a carbon—hydrogen ring scaffold via methylene
spacers, as shown in Figure 2. To mimic the selectivity filters in
valinomycin* and the KcsA K channels,” which provide 6 and 8
ligating carbonyl groups, respectively (see Figure 1), six-coordinated
(Figure 3a) and eight-coordinated (Figure 3b) metal-binding sites
were created by doubling the monolayered trimeric and tetrameric
(Figure 2a) selectivity filters, respectively. The —CONH, groups
in the monolayer filters (Figure 2) were methylated to —CONH-
(CHj3) in the bilayer filters to avoid interlayer CO«++NH hydrogen
bond formation and distortion of the overall structure. In line with
experimental observations,”'? the metal ion (K™ or Na™) was fully
dehydrated (unless stated otherwise) upon binding to ligands lining
the sel3ectivity filter. All models were built using GaussView version
3.09.

Justification of the Model Structures. To evaluate the extent
to which the ring’s structure affects the flexibility of the attached
ligating groups during metal binding, the optimized metal —oxygen
distances in the [Na/K—filter4-OH]" and [Na/K—filter4-CONH,]*
complexes were compared with those in Na'/K* complexes
containing four free ethanol or formamide molecules, respectively.
The bond distances calculated at the B3-LYP/6-31+G(3d,p) level
(see next section) are similar, indicating that the carbon—hydrogen
ring in the model system does not impede the ligand dipoles from
coordinating to the monocation. The Na/K—O distance in [Na/
K—filter4-OH]* (2.36/2.76 A) is similar to that in [Na/K(ethanol),]*
(2.34/2.74 A). Likewise, the Na/K—0 distance in [Na/K—filter4-
CONH,|* (2.28/2.66 A) is similar to that in [Na/K(formamide),]*
(2.27/2.65 A).

The complexes modeling the selectivity filter (Figures 2 and 3)
were constructed on the basis of the following considerations: (1)
The ring, which mimics the oligomeric state of the ion channel
protein, prevents the ligands from leaving the metal center during
geometry optimization. (2) The entire structure (ring, metal-ligating
groups and their connection to the ring) is flexible enough to allow
the ligating groups to optimize their positions upon metal binding
(see above). (3) The ring’s shape and C—H bond directions are
such that they do not obstruct the pore lumen. (4) As the number
of carbon atoms in the tetrameric ring (16 for Figure 2a or 2c) is
similar to that in the pentameric ring (15 for Figure 2b), the ring’s
C—H chain length would not bias the results.

Choice of Method/Basis. As the dipole moment of the metal
ligand is critical in determining the strength of the interactions
between the permeating ion and the pore wall, an ab initio method/
basis set combination that correctly reproduces the dipole moments
of the metal ligands is needed. Hence, a series of ab initio/DFT
methods (HF, MP2, S-VWN, and B3-LYP) in combination with
Pople’s basis sets increasing in size from 6-314+G(d,p) to
6-3114++G(3df,3pd) were examined for their ability to reproduce
the gas-phase dipole moments of water, methanol (modeling the
Ser/Thr side chains) and formamide (modeling the backbone
carbonyl groups). Among the various combinations, the B3-LYP
functional and the 6-31+G(3d,p) basis set combination was most
efficient in yielding dipole moments of the metal ligands that are
closest to the respective experimental values (see Table S1 in the
Supporting Information). It also reproduced the Na/K—O distances
in crown-ether complexes (Figure S1 in the Supporting Informa-
tion), which resemble metal-occupied ion channel pores, within
experimental error (Table 1).

Gas-Phase Free Energy Calculations. On the basis of the results
in Table S1 in the Supporting Information and Table 1, the B3-
LYP/6-31+G(3d,p) method was used to optimize the geometry of
each complex without any constraints and to compute the electronic
energies, E,, using the Gaussian 03 program.*® Due to computer
memory limitations, the smaller 6-31+G(d,p) basis set was used

(43) Gaussian Inc., Pittsburgh, PA, 2000—2003.
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Press: Boca Raton, 2006.
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Figure 2. Ball and stick diagrams of B3LYP/6-31+G(3d,p) fully optimized structures of K* complexes with monolayered (a) tetrameric filter with —CONH,
ligating groups (filterd-CONHy), (b) pentameric filter with —CONH, ligating groups (filter5-CONH,), and (c) tetrameric filter with —OH coordinating groups

(filter4-OH). Color scheme: green, C; blue, N; red, O; gray, H; and magenta, K.

Side View

Top View

Figure 3. Ball and stick diagrams of B3LYP/6-31+G(3d,p) fully optimized
structures of K* complexes with amide-containing two-layered (a) trimeric
filter (filter6-CONH,), and (b) tetrameric filter (filter8-CONH,). Color
scheme: green, C; blue, N; red, O; gray, H; and magenta, K.

to compute the vibrational frequencies for the monolayered
structures (Figure 2). This would not be expected to affect the trends
in the computed free energy changes, AG(K*—Na™): benchmark
calculations on a trimeric analogue of the model filters with three

Table 1. Calculated and Experimental Gas-Phase Dipole Moments
of Metal Ligands and Average Metal—Oxygen Bond Distances in
Metal-Bound Crown Ethers

molecule B3-LYP/6-31+G(3d,p) experiment
u (D)
H,O 1.88 1.85 + 0.02¢
CH;0H 1.67 1.70 + 0.02¢
HCONH, 3.99 3.73 £ 0.07¢
Metal—O (A)
[Na(18-crown-6)]* * 2.75 2.77 + 0.07¢
[K(18-crown-6)]* # 2.82 2.80 + 0.04¢

“From Lide, 2006.** * Structures are depicted in Figure S1 in the
Supporting Information. ¢ From Cambridge Structure Database* analysis
(this work).

—OH ligating groups (see Figure S2 in the Supporting Information)
revealed very little change (<0.2 kcal/mol) in the thermal energy
and entropy differences between Na—filter3-OH and K—filter3-OH
in going from the 6-314+G(3d,p) basis set (AEy, = 0.17 kcal/mol,
TAS = —1.28 kcal/mol) to the smaller 6-314+G(d,p) basis set (AEy,
= 0.07 kcal/mol, TAS = —1.09 kcal/mol). No imaginary frequency
was found in any of the complexes. The B3-LYP/6-31+G(d,p)
frequencies were scaled by an empirical factor of 0.9613*” and used
to compute the thermal energies including zero-point energy (Ey,)
and entropies (S) employing standard statistical mechanical for-
mulas.*® The differences in AE, AEy; APV (work term) and AS
between the products and reactants in eq 1 were used to calculate
AG(K*—Na") in the gas phase (denoted by superscript 1) at room
temperature, 7 = 298.15 K, according to the following expression:

(47) Wong, M. W. Chem. Phys. Lett. 1996, 256, 391-399.
(48) McQuarrie, D. A. Statistical Mechanics; Harper and Row: New York,
1976.
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AG' = AE, + AE, + APV — TAS )

For the two-layered complexes (Figure 3), frequency calculations
were computationally prohibitive due to the large number of basis
functions used to optimize the [Na/K—filter6-CONH,]* and [Na/
K—filter8-CONH,]* complexes (2285(Na)/2289(K) and 2707(Na)/
2711(K), respectively). Hence, the corresponding thermal energies
and entropies for these structures could not be evaluated. However,
close inspection of the thermodynamic parameters of the pentameric
filter, which is nearest in size to filter6-CONH, and filter8-CONH,,
revealed relatively small thermal energy and entropy differences
between Na—filter5-CONH, and K—filter5-CONH, (AEy, = —0.1
kcal/mol and TAS = 0.7 kcal/mol). As these differences fall within
the error limit (~1 kcal/mol) of the present calculations, the AEy,
and TAS between [Na—filterX-CONH,]" and [K—filterX-CONH,] "
(X = 6 or 8) were neglected in evaluating the AG' for ion exchange
involving the two-layered complexes.

To determine if it was necessary to add counterpoise correc-
tion, the AE, for [NaW,]™ + [K—filter4-CONH,]" — [Na—filter4-
CONH,]" + [KW,4]" was computed with and without adding
such a correction. The basis set superposition error (BSSE) for
this ion exchange reaction was found to be negligible (ABSSE
= —0.1 kcal/mol). Hence, BSSE was not considered in the
present calculations.

Solution Free Energy Calculations. The ion exchange free
energy for eq 1 in a given environment characterized by a
dielectric constant ¢ = x can be computed according to Scheme
1. AG', the gas-phase free energy, was computed as described
above. AG,,,", the free energy for transferring a molecule in
the gas phase to a medium characterized by a dielectric constant,
x, was estimated by solving Poisson’s equation using finite
difference methods.*?->° Thus, the ion exchange free energy in
an environment modeled by dielectric constant x, AG*, can be
computed from

AG" = AG' + AG_, “(products) — AG., . (reactants)

solv solv
3)

Recent studies'®'® have shown that the ion channel selectivity
filter and its immediate surroundings are distinctly not in a bulk
water environment. Thus, the Poisson’s equation was solved for
& = 4, 10, and 20 to mimic binding sites of varying degrees of
solvent exposure. Furthermore, the ion exchange (eq 1) was
modeled to occur in proximity of the selectivity filter so that
the dielectric environment was assumed to be uniform for all
participating entities.

The solvation free energies were evaluated using the MEAD
(Macroscopic Electrostatics with Atomic Detail) program.”' The
effective solute radii, which were obtained by adjusting the
CHARMM (version 22)°? van der Waals radii to reproduce
the experimental hydration free energies of Na*, K*, and model
ligand molecules, are as follows (in A): Ry, = 1.72, Ry = 1.90, Rc
= 195, Ry = 175, Ro(HCONH,) = 1.72, Ro(H,0) = 1.85,
Ro(CH3;0H) = 1.90, Ry = 1.50, Ry(H,0—Na) = 1.26, Ry(H,0—K)
= 1.20. These eftective solute radii reproduce the experimental

(49) Gilson, M. K.; Honig, B. Biopolymers 1986, 25, 2097-2119.

(50) Lim, C.; Bashford, D.; Karplus, M. J. Phys. Chem. 1991, 95, 5610—
5620.

(51) Bashford, D. In Scientific Computing in Object-Oriented Parallel
Environments; Ishikawa, Y., Oldehoeft, R. R., Reynders, V. W.,
Tholburn, M., Eds.; Springer: Berlin, 1997; Vol. 1343, pp 233—
240.

(52) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.;
Swaminathan, S.; Karplus, M. J. Comput. Chem. 1983, 4, 187-217.

(53) Friedman, H. L.; Krishnan, C. V. In Water: A comprehensive treatise;
Franks, F., Ed.; Plenum Press: New York, 1973; Vol. 3, pp 1—118.
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Scheme 1

AG!

Reactants (€ = 1) - Products (e=1)

AGo" (Reactants) 4 LAG " (Products)

Reactants (€ = x) - Products (€ = x)

AG”

Table 2. Comparison between Computed and Experimental
Hydration Free Energies AGsy,%° of Metal Cations and Ligands (in
kcal/mol)

AGs,® (kcal/mol)

metal/ligand expt calc error?
Na® —98.3" —98.7 —04
K* —80.8" —81.0° —0.2¢
—80.9¢ —0.1¢
—81.2¢ —0.4¢
H,O —6.3" —6.7 —0.4
CH;0H —=5.1¢% —6.1 —-1.0
HCONH, —10.0" —-10.6 —0.6

“Error = AGy,%(calc) — AGy,*(expt). ® From Friedman, 1973.53
¢ Hexahydrated K*. ¢ Heptahydrated K*. ¢ Octahydrated K. / From Ben-
Naim and Marcus, 1984.°* ¢ From Chambers et al., 1996.>> " Exper-
imental solvation free energy of HCONH(CH;) from Wolfenden et al.,
1978.5¢

hydration free energies of Na®, K", and model ligands within 1
kcal/mol (Table 2).

Results

Validation against Experimental Ion Exchange Free Ener-
gies. To assess the accuracy of the ion exchange free energy
calculations (see Methods) in revealing reliable trends, we
compared the experimental AG(K™Na%) of 2.0 & 0.1 kcal/
mol®’ for replacing K™ with Na™ in 18-crown-6 ether in aqueous
solution with the computed AG(K*—Na™) for the following
reactions, which differ in the K* hydration number:

[Na(H,0),]" + [K(18-crown-6)]" — [Na(18-crown-6)]"+
[K(H0)]"  (4a)

[Na(H,0)s] "+ H,0 + [K(18-crown-6)]" —
[Na(18-crown-6)] "+ [K(H,0),]"  (4b)

[Na(H,0),] "+ 2H,0 + [K(18-crown-6)]" —
[Na(18-crown-6)] "+ [K(H,0)]"  (4c)

The calculations reproduced the trend in ion selectivity of the
crown ether: the computed AG(K*—Na™) for eq 4a (1.4 kcal/
mol), eq 4b (6.7 kcal/mol) and eq 4c (13.5 kcal/mol) are all
positive, as observed experimentally. Furthermore, the
AG(K*—Na™) for reaction 4a, where K™ is hexahydrated, is in
accord with the experimental value, and is consistent with recent
experimental observations indicating that [K(H,O)s]* is the
dominant species in aqueous solution.>”

(54) Ben-Naim, A.; Marcus, Y. J. Chem. Phys. 1984, 81, 2016-2027.
(55) Chambers, C. C.; Hawkins, G. D.; Cramer, C. J.; Truhlar, D. G. J.
Phys. Chem. 1996, 100, 16385-16398.
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Table 3. Calculated Electronic Energies, Entropies and Free Energies of lon Selectivity for Carbonyl-Containing Selectivity Filters in Media

with Different Dielectric Constants (in kcal/mol)

reaction? AEy TAS! AG' AG* AG" AG®
1. [NaW,]t + [K—filterd-CONH,]" — [Na—filter4-CONH,]" + [KW,]" —3.1 —1.2 —-1.5 —-1.0 —1.3 —-1.5
2. [NaWg]* + [K—filterd-CONH,]" + W — [Na—filter4-CONH,|* + [KW,]* —15.2 —10.7 2.5 2.5 3.6 3.9
3. [NaWg]|t + [K—filterd-CONH,]" + 2W — [Na—filter4-CONH,]" + [KWg]" —27.1 —19.8 -39 6.0 9.0 10.2
4. [NaW]" + [KW—filter4-CONH,|" — [NaW—filter4-CONH,]|* + [KW,]" —2.6 —1.0 —-1.0 —-0.7 -0.9 —1.1
5. [NaWg]" + [KW—filter4-CONH,]|* + W — [NaW—filter4-CONH,]|* + [KW,]* —14.7 —10.5 —2.0 2.8 4.0 4.3
6. [NaWg]t + [KW—filterd-CONH,]" + 2W — [NaW —filter4-CONH,]" + [KW;]" —26.6 —19.6 —34 6.3 9.4 10.6
7. [NaW¢]" + [K—filterS-CONH,]" — [Na—filter5-CONH,]* + [KW,]* 3.9 1.0 3.1 44 4.5 4.5
8. [NaW,]* + [K—filter5-CONH,]" + W — [Na—filter5-CONH,]* + [KW,]* —8.2 —8.6 2.1 7.9 9.5 9.9
9. [NaW]" + [K—filterS-CONH,]" + 2W — [Na—filter5-CONH,]* + [KWg]* —=20.1 —-17.6 0.7 11.4 14.9 16.2
10. [NaW,]* + [K—filter6-CONH,]" — [Na—filter6-CONH,]" + [KW¢]" 6.5 0.3% 6.6¢ 6.4 5.9 5.5
11. [NaWe]* + [K—filter6-CONH,]" + W — [Na—filter6-CONH,]* + [KW,]* —5.6 —9.3% 5.5¢ 9.8 10.7 10.8
12. [NaWe]* + [K—filter6-CONH,]" + 2W — [Na—filter6-CONH,]* + [KWg]* —17.5 —18.3 4.2¢ 13.4 16.2 17.2
13. [NaW,]" + [K—filter8-CONH,]" — [Na—filter8-CONH,]|* + [KW,]* 16.2 0.3% 16.3¢ 16.1 15.6 15.3
14. [NaW]™ + [K—filter8-CONH,]" + W — [Na—filter8-CONH,]* + [KW,]" 4.1 —9.3¢ 15.2¢ 19.5 20.4 20.6
15. [NaWs]™ + [K—filter8-CONH,]" + 2W — [Na—filter8-CONH,]|* + [KWjs]* -7.8 —18.3" 13.9¢ 23.1 25.9 27.0

“ Water ligands are denoted as W. Structures of the monolayered metal-bound filters [K—filterd-CONH,]* and [K—filter5-CONH,]" are shown in
Figures 2a and 2b, respectively, while those of the two-layered [K—filter6-CONH,]" and [K—filter8-CONH,]" are given in Figures 3a and 3b,
respectively. ? Calculated by neglecting TAS between [Na—filter6/8-CONH,]" and [K—filter6/8-CONH,]" (see text). < Calculated by neglecting AE;;, and
TAS between [Na—filter6/8-CONH,]" and [K—filter6/8-CONH,]" (see text), but including AEy, and TAS between other reactant and product molecules.

Selectivity Filters Lined with Carbonyl Groups. The elec-
tronic energies, entropies and free energies of ion exchange in
selectivity filters containing different numbers of carbonyl
ligands are listed in Table 3. These free energy differences
should be considered qualitative, and not quantitative, as they
were estimated using gas-phase free energies combined with
an implicit solvent model, but their trends are expected to be
reliable (see above). Below, we first describe how the filter/
pore’s ion selectivity depends on (i) the hydration number of
K™ relative to that of Na™, (ii) the partial hydration of the metal
ion bound to the selectivity filter ligands, (iii) the solvent
exposure of the selectivity filter, and (iv) the number of ligating
carbonyl groups, assuming each type of filter to be relatively
rigid so that Na* is forced to adopt the same coordination
number as K* in the filter. Then, we assess the effect on the
pore’s ion selectivity if the filter were sufficiently flexible to
allow conformational changes enabling Na® to adopt its
preferred coordination number. Finally, we evaluate if the pore’s
ion selectivity is a unique property of the ligating carbonyl
ligands. In each case, we compare the computed trends with
available experimental findings.

(1) Dependence on the K™ Hydration Number. To evaluate
the effect of the K hydration number in determining the pore’s
ion selectivity, ion exchange free energies were computed with
K™ bound to 6, 7, or 8 water molecules, in line with experimental
observations (see Methods). Comparison of the AG* (x = 4,
10, 20) free energies for each triad of reactions in Table 3 shows
that, for a given type of selectivity filter, increasing the hydration
number of K™ relative to that of Na* favors K™ over Na™ (more
positive AG¥); e.g., the AG* for reactions 1, 2, and 3 are —1.0,
2.5, and 6.0 kcal/mol, respectively. This is mainly because when
K* replaces Na' in the filter with the same coordination
geometry (reverse of the reactions in Table 3), water molecules
are released and become favorably solvated if the hydration
number of K™ exceeds that of Na™.

The trend observed in the selectivity filters, however, is
reversed in the absence of the protein solution environment. In

(56) Wolfenden, R. Biochemistry 1978, 17, 201-204.
(57) Ozutsumi, K.; Ishigiro, S. Bull. Chem. Soc. Jpn. 1992, 65, 1173-1175.

the gas phase, increasing the hydration number of K™ relative
to that of Na™ favors the substitution of K™ in a given type of
selectivity filter for Na™ (Table 3, more negative/less positive
AG"). For example, for the first three reactions in Table 3,
increasing the K* hydration number from six to eight decreases
AE, (from —3.1 to —27.1 kcal/mol) more than TAS' (from —1.2
to —19.8 kcal/mol), thus the resultant AG' also decreases slightly
(from —1.5 to —3.9 kcal/mol). This implies that in the absence
of the protein matrix, the enthalpic gain upon binding an
additional water molecule to K outweighs the respective
entropic loss in restricting the water oxygen atoms to orient
toward the cation. Thus, both the ion hydration number and
the ion channel protein matrix, which controls the solvent
accessibility and thus dielectric constant of the selectivity filter/
pore, affect ion selectivity: a hydration number of K* larger
than that of Na™ in the pore favors K* over Na™.

(2) Dependence on the Ion’s Partial Hydration inside the
Selectivity Filter. Although the X-ray structures show that the
metal cation is completely dehydrated inside the multilayered
selectivity filter of K* channels,”®'? it may be partially hydrated
in monolayered selectivity filters (e.g., filter4-CONH,), whose
ligating groups have not saturated the metal-coordinating
positions. To assess the effect of intrapore partial hydration of
the ions on the pore’s ion selectivity, the free energies for
replacing K* bound to a water molecule and carbonyl groups
from the filter4-CONH, with Na® were computed (Table 3,
reactions 4—6). Comparison between the free energies for the
fully (reactions 1—3) and partially (reactions 4—6) dehydrated
metal complexes shows that the differences in the respective
AG* (x = 1—20) values are only 0.3—0.5 kcal/mol. Thus, when
the metal coordination number upon ion exchange remains the
same, intrapore partial hydration of the metal ion has negligible
effect on the pore’s ion selectivity.

(3) Dependence on the Filter’s Solvent Exposure. To assess
the effect of the pore’s solvent exposure in determining its ion
selectivity, the ion exchange free energies computed using a
dielectric constant of 4, 10, and 20 (Scheme 1) were compared.
Comparison of the AG*, AG'’, and AG? values in Table 3 show
that increasing the pore’s solvent exposure does not alter ion
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= [KWgl*

+ [NaWg]* +2W

AG!' = 0.7
AG* =114
AG'® =149
AG' =-2.4
AG* = 23
AGY= 4.4

Figure 4. Free energies of K™ — Na' exchange in a pentameric amide-containing selectivity filter where (a) Na™ binds to 5 carbonyl dipoles and (b) 4
carbonyl dipoles (in kcal/mol). Color scheme: green, C; blue, N; red, O; gray, H; magenta, K; and cyan, Na.

selectivity: the AG* values (x = 4—20) for all the reactions in
Table 3 have the same sign. In particular, the AG* and AG*
for the reactions involving KW and KW in Table 3 differ by
=<2 kcal/mol. Notably, the AG* (x = 4—20) for reactions 10—12
in Table 3 are in accord with several independent experiments
showing that valinomycin, which provides 6 carbonyl ligands
(Figure 1), selects K™ over Na' in solvents with dielectric
constants ranging from 2 (hexane), 9 (dichloromethane), 33
(methanol) to 80 (water)."”

(4) Dependence on the Filter’s Number of Carbonyl Groups.
To determine the effect of the number of carbonyl groups lining
the filters on ion selectivity, the ion exchange free energies for
filters containing 4, 5, 6, and 8 amide groups were compared.
Increasing the number of metal-coordinating carbonyl groups
in the pore increases the selectivity for K* over Na™ (the AG*
for a given K* hydration number becomes more positive), thus
rendering filters containing 8 carbonyl groups the most selective
within the series. For example, the AG* and AG? values for
the last reaction in each triad are 6.0 and 10.2 kcal/mol for filter4
(reaction 3), 11.4 and 16.2 kcal/mol for filter5 (reaction 9), 13.4
and 17.2 kcal/mol for filter6 (reaction 12), and 23.1 and 27.0
kcal/mol for filter8 (reaction 15). Thus, the last reaction in Table
3 has the most positive free energies in the series, implying
that a filter that provides 8 carbonyl ligands for K* and an
environment that favors an octahydrated K (see above and
Discussion), as observed experimentally in KcsA channels,’
secures the best conditions for KT selectivity.

To explain the effect of the number of coordinating carbonyls
lining the filter on the ion exchange free energies, the incre-
mental binding free energy, AGM(n—n+1), for M(HCONH,),]"
+ HCONH, — [M(HCONH,),1]" (M = Na or K, n = 0—4)
in the gas phase was calculated at the B3-LYP/6-31+G(3d,p)
level. The incremental binding free energy difference,
AAG(n—n+1) = AGN(n—n+1) — AGX(n—n+1), gradually
decreases in magnitude with an increasing number of forma-
mides coordinated to the metal cation: AAG(0—1) = —8.7 kcal/
mol, AAG(1—2) = —6.8 kcal/mol, AAG(2—3) = —3.0 kcal/
mol, AAG(3—4) = —1.1 kcal/mol, and AAG(4—5) = —0.2
kcal/mol. This trend indicates that when the number of ligands
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is small, Na* binds to formamides more favorably than K*, as
it has a higher charge density than the competing K*. However,
since the ionic radius of Na™ is smaller than that of K* for the
same coordination number, increasing the number of forma-
mides around the smaller Na® increases the ligand—ligand
repulsion more than that in the respective Kt complexes, thus
diminishing the free energy gain resulting from the more
favorable Na*—ligand interactions. As a result, binding of a
fifth formamide ligand to Na™ or K* already bound to four
formamides is equally favorable (see above).

The gas-phase ion exchange free energies for the model filters
(Table 3) follow the aforementioned trend in the changes: For
the smallest tetrameric filter and hexahydrated K*, the AG'
in Table 3 is negative as favorable charge—dipole interactions
outweigh unfavorable dipole—dipole repulsion, stabilizing the
Na* complex relative to the respective K* complex in the filter
more than that in aqueous solution. This results in a net negative
AE, (Table 3, reaction 1, —3.1 kcal/mol). However, for the
larger filter5, filter6 and filter8, the AG' values in Table 3
become positive as the increasing number of coordinating
dipoles and dipole—dipole repulsion diminish the stability of
the Na*-bound filters relative to the respective K*-bound ones,
yielding net positive AE, (Table 3, reaction 7, 10, and 13).
Solvation does not alter this tendency.

(5) Dependence on the Filter’s Flexibility. The trends deduced
so far are based on the assumption that the metal coordination
number in the selectivity filter does not change upon K* —
Na' substitution, i.e. the incoming Na® binds to the same
number of channel coordinating groups as the outgoing K,
implying a rigid pore. For pores lined with more than four
ligating groups, Na™ binding is less favorable due to the
increased repulsive interactions among the channel ligands (see
above), so Nat may prefer to bind to fewer ligands than K.
To evaluate the effect on the channel’s ion selectivity if its walls
were flexible enough to allow Na® to adopt its preferred
coordination geometry, a Na™-bound pentameric filter was
modeled with Na* coordinated to only four of the five carbonyl
groups (Figure 4b). Comparison of the resulting K*—Na™ free
energies with those for the “rigid” counterpart, where Na® is
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(a)

AG! =-3.9

e AG* = 6.0

AG"= 9.0

+ [NaWg]* + 2W
— [KWg]*

(b)

AG! = 041

—> AGY = 9.3
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Figure 5. Free energies of K™ — Na' exchange in selectivity filters with
(a) 4 —CONH, coordinating dipoles and (b) 4 —OH ligating groups (in
kcal/mol). Color scheme: green, C; blue, N; red, O; gray, H; magenta, K;
and cyan, Na.

bound to all five carbonyl groups (Figure 4a), shows that
decreasing the number of filter ligands that directly coordinate
to Na™ upon metal substitution lowers the selectivity of the
channel for K™. This is evidenced by the less positive AG* for
tetracoordinated Na™ (Figure 4b, AG* = 2.3 kcal/mol) compared
to pentacoordinated Na™ (Figure 4a, AG* = 11.4 kcal/mol). This
result is consistent with previous DFT/B3-LYP calculations
showing that decreasing the number of metal-bound ligands to
6 or 5 upon K™ — Na' substitution reversed ion selectivity in
favor of Na™.!"1®

Selectivity Filters Lined with Hydroxyl Groups. Although the
selectivity filters of K* channels are lined with carbonyl ligands
only, it is not clear whether the K*/Na™ selectivity is a unique
property of these carbonyl groups or if it could be achieved
with other ligating groups lining the pore. To shed light on this
issue, a tetrameric filter lined with 4 hydroxyl groups mimicking
Ser/Thr side chains (Figure 2¢) was modeled and its selectivity
was compared with that of its carbonyl-containing analogue
(Figure 2a). The results in Figure 5 reveal that the filter with
hydroxyl ligating groups not only is selective for K™ but is even
more selective for K™ over Na™ than its carbonyl-containing
counterpart: The ion exchange free energies for the filter with
4 —OH groups are all positive and larger than those for the
filter with 4 —CONH, groups. This is because the smaller dipole
moment of the —OH moiety compared to that of —CONH,*
attenuates the binding strength in Na™ complexes to a greater
extent than the respective KT complexes. These results are in
line with those of Noskov et al. who found that decreasing the
dipole moment of the coordinating group (weaker field
strength'®) increases the K™/Na™ selectivity of the channel.'?
Thus, selectivity filters lined with hydroxyl groups are also suited
for selecting K* over Na', like their carbonyl-containing
counterparts.

Dependence on the Incoming/Outgoing Ion’s Environment.
Since recent studies'®'? showed that “the binding-site environ-
ment is distinctly not a liquid environment”, the above free
energies (in Table 3 and Figures 4 and 5) were computed for
ion exchange in the vicinity of the selectivity filter with the
same dielectric environment for all participating entities (see

Methods); viz.,

[Na+—aq](£=x) + [K+—channel](£=x) —
[Na-channel](e=x) + [K™-aq](e=x) (5a)

To determine if the above trends and conclusions would change
if the incoming/outgoing metal ion and water molecule(s) were
in bulk water, rather than in the same environment as the ion-
binding site complexes, we computed the free energies for

[Na™-aq](e=80) + [K"-channel](e=x) —
[Na*-channel](e=x) + [K"-aq](e=80) (5b)

The free energies for reaction 5b (Supporting Information Table
S2) show the same trends as those for reaction 5a (Table 3).
For the filter with 4 CONH, groups, the free energy difference
between reactions 5b and 5a for x = 4 is —1.5, 0.4, and 3.6
kcal/mol for hexa-, hepta-, and octahydrated K™, respectively
(compare first 3 reactions in Supporting Information Table S2
with those in Table 3). It decreases as x increases and becomes
negligible (<1 kcal/mol) for x = 20.

Discussion

In previous works, different model systems varying in size
and composition and methods (molecular dynamics, Brownian
dynamics, quantum mechanics) were used to evaluate the roles
of various factors in the selectivity of K" over Na® in
monovalent ion channels (see Introduction).””!>!14167192427 1y
contrast, the same methodology was used herein to evaluate
how the competition between K' and Na™ for the channel
depends on (i) the cation hydration number, (ii) the selectivity
filter coordination number; i.e., the number of coordinating
dipoles provided by the filter, (iii) the chemical type of the
ligating groups, and (iv) the dielectric constant of the medium.
Furthermore, most previous works propose a key factor
dominating the K*/Na* selectivity in monovalent ion channels
(see Introduction); e.g., the rigidity of the selectivity filter in
the “snug-fit” mechanism,®'*° the type/chemistry of coordinat-
ing ligands in the “carbonyl-repulsion” mechanism,'*'®** or
the number of coordinating ligands.'*'”"'® In contrast, the present
analysis indicates that there appears to be no single universal
determinant of the K*/Na™ selectivity in K* channels in general.

Instead, a well-balanced combination of several favorable
factors determines the metal ion selectivity in these structures,
as outlined below. However, one of these factors may dominate
for a specific K™ channel such as the KcsA channel from
Streptomyces lividans whose structure has been solved. Thus,
we have also performed detailed all-atom molecular dynamics
and free energy perturbation simulations for the KcsA channel
to evaluate quantitatively the magnitude of the various contribu-
tions (e.g., attractive ion—dipole interactions vs repulsive
dipole—dipole and ion—ion repulsion, and rigidity vs flexibility
of the channel protein) to the observed K*/Na™ selectivity of
this particular K™ channel; this work will be reported elsewhere.
Below, we summarize how each of the aforementioned factors
qualitatively affects the K*/Na®™ selectivity in monovalent
channels.

K* Hydration Number and Pore’s Dielectric Constant.
Relative to hexahydrated Na*, an increase in the K* hydration
number inside the pore favors K* over Na* (Table 3). Thus, an
octahydrated K* in the pore optimizes K* selectivity, consistent
with the experimental observation of an octahydrated K* inside
the KcsA cavity.” Recent studies suggest a correlation between
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the K hydration number and the dielectric constant ¢ of the
medium: a lower dielectric constant, characteristic of metal-
binding sites with lower solvent accessibility, favors a higher
K™ hydration number.'®'® Thus, Nature may exert control on
the cation hydration number in the vicinity of the selectivity
filter by regulating the dielectric properties of the pore.

Because the solvent exposure and thus dielectric constant
inside the pore is inversely correlated with the K hydration
number, which in turn determines K*/Na* selectivity, different
degrees of solvent exposure affect the degree of K*/Na'
selectivity. Thus, a pore that provides a lower dielectric
environment for the passing cation is expected to support a
higher K™ hydration number and consequently, a higher K*/
Na™ selectivity. Conversely, ion-binding sites in the pore that
are exposed to solvent (with a high dielectric constant) would
yield a lower K' hydration number and reduced K*/Na*
selectivity. These findings are in accord with experiments
showing that in low-dielectric solvents such as hexane (¢ = 2)
and dichloromethane (¢ = 9), valinomycin prefers binding K*
to Na™ by —7.6 kcal/mol, whereas in a higher dielectric solvent
such as methanol (¢ = 33) where the K™ hydration number is
lower, the K*/Na™ selectivity is reduced to —5.4 keal/mol"’ (see
also Table 3 where AG* = 13.4 kcal/mol for reaction 12
involving octahydrated K™, but AG?® = 5.5 kcal/mol for reaction
9 involving hexahydrated K*).

Number of Coordinating Dipoles. The KcsA potassium
channel provides 8 carbonyl ligands (4 from each of the two
adjacent tetrameric rings) to coordinate the permeating ion. This
arrangement and number of coordinating dipoles in the filter
secures the highest K*/Na™ selectivity: the AG(Kt—Na") values
for reactions 13—15 in Table 3 are more positive than those
for filters lined with fewer carbonyl groups. Previous studies
have emphasized the role of the 8-fold binding site in determin-
ing the K™ channel selectivity.'*!7-182*31 On the other hand,
the present calculations indicate that selectivity filters departing
from the “magic” 8-fold coordination number, containing 4, 5,
or 6 ligating groups can also select K* over Na™, albeit to a
lesser extent. For example, a filter lined with 6 instead of 8
carbonyl groups (see Figure 3a), resembling the valinomycin
pore, can also select K™ over Na't (positive free energies for
reactions 10—12 in Table 3). In contrast to the intrinsic
properties of the ligating carbonyl dipoles, previous theoretical
studies focused on the higher rigidity of the valinomycin pore
relative to that of the KcsA filter (see below), creating a specific
cavity size matching the K* but not the Na™ size, in explaining
the K™/Na™ selectivity of valinomycin.'®'"

Chemical Type of Coordinating Groups. The present calcula-
tions on a tetrameric filter containing four —OH instead of
—CONH, groups (Figure 5) show that K¥/Na™ selectivity in
ion channels is not a prerogative of the carbonyl moieties. In
fact, hydroxyl groups, whose dipole moments are smaller
than amide carbonyl dipoles, can even better discriminate
between Kt and Na® (favoring K*) than their carbonyl
counterparts. This finding is in accord with recent studies by
Thomas et al.'” who found that K™ over Na® selectivity
increases with decreasing dipole strength of the ligands for a
given filter coordination number. Thus, it appears that, as far
as the selectivity of the pore is concerned, Nature has chosen
backbone carbonyl groups to line the selectivity filters of K*
channels based not solely on their chemical properties but
capitalizing on some other (physicomechanical) characteristics
of these entities that enable the filter to (i) maintain proper
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stiffness/flexibility and (ii) provide an optimum dielectric
environment ensuring maximum selectivity.

Pore Flexibility. Molecular dynamics simulations on KcsA
channel have shown that its selectivity pore is quite flexible
and therefore it does not select Kt over Na* by providing a
metal-binding site of an optimal fixed size for K' (see
Introduction).'>'® However, the pore should maintain some
degree of stiffness to prevent conformational changes that allow
the “rival” Na™ to adopt its preferred coordination geometry
and diminish/annihilate the channel selectivity for K* (see Figure
4). Thus, the pore should enforce Na™ to adopt an unfavorable
8-fold coordination to enhance the K*/Na™ selectivity, in accord
with previous findings.'®?” Note that some simulation/energy
minimization studies produce structures where Na™ is penta or
hexacoordinated to carbonyl and water ligands inside the KcsA
selectivity filter.’®*° However, reducing the Nat coordination
number inside the filter may decrease or abolish the K*/Na*
selectivity of the channel, unless the Na™ binding provokes such
large conformational distortions of the pore that effectively
occlude the permeation pathway and render Na™ conductance
unfavorable.>® On the other hand, selectivity for K™ over Na*
was found to be maintained in a model composed of eight freely
fluctuating carbonyl groups, intended to mimic the KcsA channel
without any structural rigidity.'>'® However, this model still
retained some structural rigidity as it assumed the same
coordination number for K™ and Na™.

Implications for Ion Selectivity in Ion Channels. The above
results indicate that high selectivity of K™ over Na™ could be
achieved from a combination of several favorable factors: (1)
an octahydrated permeating K¥, (2) a filter lined with 8 carbonyl
ligands, and (3) finely tuned physicomechanical properties of
the channel walls providing a low dielectric medium favoring
a high hydration number for the permeating K* and enough
stiffness to force the competing Na™ to adopt an unfavorable
8-fold coordination (Table 3, reaction 15). This implies that the
intrinsic properties of the native ion, the metal-coordinating
ligands, and the protein matrix could all contribute to ion
selectivity in a given ion channel.

The factors affecting ion selectivity revealed herein help to
rationalize why valinomycin and the KcsA ion channels are
highly K*-selective, whereas the NaK channel is nonselective,
conducting both K™ and Na't. The KscA selectivity filter is
highly selective for K™ as it is lined with eight carbonyl groups
and is found to contain an octahydrated K™*,” consistent with
its relatively low solvent accessibility (see above). In addition,
the KcsA channel may be sufficiently rigid to force Na™ to adopt
the same 8-fold coordination as K* in the filter. This combina-
tion of an eight-fold binding site and an octahydrated K" in a
low solvent-accessible pore and a not too flexible KcsA
selectivity filter would provide the best conditions for K*
selectivity. On the other hand, the valinomycin selectivity filter
is also selective for K* as it is lined with six carbonyl groups,
and is found to be relatively stiff.'®!? Unlike the K*-selective
valinomycin or KcsA ion channel, the nonselective NaK channel
is wider and more solvent exposed,8 which would favor a lower
K™ hydration number.'® Furthermore, the NaK pore maybe more
flexible than the KcsA selectivity filter,”® which might allow
Na' to adopt its preferred coordination geometry."* Thus,
compared to the KcsA ion channel, the decreased Na™ coordina-
tion number and K™ hydration number as well as the decreased

(58) Shrivastava, I. H.; Tieleman, P. D.; Biggin, P. C.; Sansom, M. S. P.
Biophys. J. 2002, 83, 633-645.
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number of coordinating carbonyl dipoles contribute to the
observed nonselectivity of the NaK pore.

The present calculations predict that other selectivity filters
containing a different number/chemical type of coordinating
groups could also select K* over Na*. Contrary to previous
findings, neither the “magic” selectivity filter coordination
number of 8 nor the presence of backbone amide groups in K*
channels is required to select K™ over Na™. Selectivity filters
with a different coordination number and/or serine side chains
instead of backbone amides could also exhibit K*/Na* selectiv-
ity. However, increasing the number of coordinating groups in
the pore and, thus, the K™ coordination number enhances the
K*/Na™ selectivity. The various factors affecting ion selectivity
revealed herein could help guide the design of a binding site
selective for either K* or Na™.
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