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In potassium channels that conduct K* selectively over Na*, which sites are occupied by
K* or water and the mechanism of selectivity are unresolved questions. The combination
of the energetics and the constraints imposed by the protein structure yield the selective
permeation and occupancy. To gain insight into the combination of structure and
energetics, we performed density functional theory (DFT) calculations of multiple N-
methyl acetamide (NMA) ligands binding to K™ and Na*, relative to hydrated K* and Na*.
NMA is an analogue of the amino acid backbone and provides the carbonyl binding to
the ions that occurs in most binding sites of the K* channel. Unconstrained optimal
structures are obtained through geometry optimization calculations of the NMA ligand
binding. The complexes formed by 8 NMA binding to the cations have the O atoms
positioned in nearly identical locations as the O atoms in the selectivity filter. The
transfer free energies between bulk water and K* or Na* bound to 8 NMA are almost
identical, implying there is no selectivity by a single site. For water optimized with 8
NMA, binding is weak and O atoms are not positioned as in the K* channel selectivity
filter, suggesting that the ions are much more favored than water. Optimal structures of
8 NMA binding with two cations (K™ or Na*) are stable and have lower binding free
energy than the optimal structures with just one cation. However, in the Na* case, the
optimal structure deforms and does not match the K* channel; that is, two bound Na*
are destabilizing. In contrast, the two K* structure is stabilized and the selectivity free
energy favors K*. Overall, this study shows that binding site occupancy and the
mechanism for K* selectivity involves multiple K* binding in multiple neighboring layers
or sites of the K* channel selectivity filter.
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1 Electronic supplementary information (ESI) available: Tables listing the distances between atom pairs
in the K" channel, decomposition of free energies, and figures for all optimized structures and individual
layers of the KcsA selectivity filter. The positions of the structures are available as separate data files.
These files are named Kn_NMAm.xyz and Nan_NMAm.xyz, where n gives the number of K or Na atoms
in systems and m gives the NMA molecules. In addition, there is the file Na2_NMAS8_SP.xyz that has
the positions for the single point (SP) calculations of 2 Na' and 8 NMA. See DOL
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1 Introduction

Potassium (K') channels are an important family of membrane proteins that
regulate cellular processes.” A key aspect of potassium channels is the rapid and
selective conduction of K while excluding the smaller Na‘. Because of their
significance to health and their exceptional properties, many studies of K
channel selectivity and conduction mechanisms have been performed.*™* The
crystal structure of a model potassium channel, KcsA,'® provides the basis for
understanding the mechanisms and shows electron density in the four contin-
uous ion binding sites of the selectivity filter (SF), which is highly conserved
among structurally diverse K' channels. Furthermore, experiments on mutant ion
channels demonstrated that all four binding sites of the SF are necessary for
selecting K over Na"."”

Despite their extensive study, mechanistic questions about K* channels still
remain.'® In particular, the occupancy of each binding site is unclear since dis-
tinguishing between K', Na', and water in crystallographic structures is chal-
lenging. One hypothesis for the occupancy is that K* only binds at two non-adjacent
sites at a time to avoid strong electrostatic repulsion between ions.'** In this two-
ion hypothesis, a “soft knock-on” mechanism results in two alternating configu-
rations, K'-water-K'-water and water-K'-water-K', that produce the four peaks in
the electron density.'*" In support of that mechanism, a two-dimensional infrared
(2D-IR) spectroscopy study found that only the alternating ion-water configurations
are compatible with the spectra from the selectivity filter* although a later study
challenged that interpretation.”* A second hypothesis of ion occupancy has been
presented that has neighboring sites occupied by K'.2? Data that support this “direct
knock-on” mechanism include (i) a reanalysis of crystallography data showing the
total occupancy is close to four,>* and (ii) anomalous X-ray diffraction on a mutant
K" channel that shows full occupancy of the SF by K'.%

Similar to the experimental studies, molecular dynamics (MD) simulations
also give inconsistent results on ion occupancy. Some studies support the soft
knock-on mechanism of conduction involving alternating occupancy by ions and
water in the SF, while other MD studies instead support ion conduction without
water.”>*> However, MD simulations are not expected to resolve this question as
the results are sensitive to force field parameters.”**” Furthermore, the impor-
tance of polarization, to allow the protein and water to respond to changes in the
electric field generated by the presence of ions, has been well-recognized.*%?%3>
Despite these findings, previous MD simulations of KcsA predominantly used
fixed-charge (nonpolarizable) force fields.> Recently, and for the first time,
a polarizable force field was developed from quantum chemistry studies on small
molecular systems, and applied in MD simulations to investigate ion occupancy
in KesA."®* That study reported support for a single vacancy mechanism of ion
conduction, which resembles the direct knock-on mechanism in terms of
favoring the occupation of neighboring ion binding sites.'” Free energy calcula-
tions carried out by Jing et al. also offered the first computational support for full
ion occupancy,’ as reported in recent anomalous X-ray diffraction studies.*
While the occupancy of a single ion in a single binding site has been studied
extensively with density functional theory (DFT), a quantum chemistry study of
ion occupancy in the full selectivity filter is still missing.”®*!42831,33-38
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Given that selectivity requires all four sites in K channel selectivity filters,"” the
mechanism by which the multiple sites combine to achieve selectivity is an
essential part of understanding the K" channel. Most quantum chemistry studies
of the K" channel selectivity have addressed the difference between K' and Na* in
only a single site of the channel, as mentioned above. Selectivity for K" in a single
site must be weak to be consistent with the experimental data. While features like
ion coordination and binding site flexibility for the individual site are clearly
relevant to selective binding, they cannot play a dominant role for selective
transport or only one site would be needed in the selectivity filter. In the context of
understanding the transport selectivity due to multiple sites, the occupancy of
these sites plays an important role because the interactions between the sites is
a contributing factor to the overall free energy.

The binding of cations, particularly K" and Na®, to carbonyls is a key part of the
K" channel selectivity filter (Fig. 1). Fig. 1 shows the selectivity filter for the 1K4C
crystal structure, with labels for the residues and the K" binding sites. To carry-out
quantum chemistry calculations, surrogate carbonyl-containing ligands have
been studied.”®>14283133-363941 T particular, a number of works have simulated
systems with N-methyl acetamide (NMA) because the K' channel amino acid
backbone corresponds to NMA.**"** Experiments have also probed the interac-
tions between NMA and ions.**** Here, using contemporary computing capability,
we present results of density functional theory calculations for NMA. We are able

TYR78

GLY77

VAL76

THR75

Fig. 1 Image of the selectivity filter in the 1K4C crystal structure of the K* channel. The
backbones of residues 75 to 78 are shown along with the K* binding sites, which are
numbered according to the site index. All of residue 75 is shown since the hydroxyl
oxygens (THR75:0G) bind as well as the backbone carbonyls. The atom colors are: O red,
C cyan, N blue, and K* green.
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to treat multiple ligands, corresponding to a single layer and two layers in the
selectivity filter. Moreover, we go beyond systems with a single cation and address
two cations, which provides distinguishing results between K' and Na® and
addresses occupancy issues in the selectivity filter with a quantum chemistry
approach.

In this study, we calculate the optimal structures and binding free energies for
a varying number of NMA binding separately to K" or Na*. We perform these
calculations using a basis set and functional well matched for the strong elec-
trostatic interactions and that treats van der Waals interactions, which are
important for systems with many ligands.” The 8-NMA structure binding to
a single K" or Na" corresponds well to layers of the carbonyls in the K* channel
selectivity filter. The binding free energies are lowest for Na*, but the free energy
of transfer from bulk water, which determines the ligand site occupancy, is small
(<1.5 keal mol*) and switches to favoring K* at 8 NMA. Furthermore, calculations
with multiple (two) neighboring cations are stable, with lower binding free
energies, and suggest a preference for K'.

2 Methods

The local clustering of N-methyl acetamide ligands about an ion corresponds to
the following reaction,

X + nNMA 2 X(NMA),, (1)

where X is either K', Na" or water (W) that binds with n N-methyl acetamide (NMA)
ligands (C3H,NO). We treat the clustering equilibria as occurring in an idealized
environment that does not influence the reaction through long-ranged dispersive
and electrostatic interactions or structural constraints on the clusters. The only
structural constraints are the number n of ligands that form binding sites, and
those constraints imposed by the internal structure of the molecules within the
cluster. Our treatment is equivalent to an uncoupled quasi-chemical analysis
carried-out in a low dielectric environment (¢ = 1).>**48 This environment is
consistent with highly selective K" channel binding sites, which tend to be sur-
rounded by an environment equivalent to a low dielectric medium.”*?

We calculated the free energy change (AG) for the reactions in eqn (1) using the
Gaussian 16 quantum chemistry package.” The geometry optimizations were
carried out in the gas phase using the density functional theory (DFT) approach
with the hybrid wB97X-D approximation to the exchange-correlation energy.*
This choice is based on previous work on DFT of ionic systems®>*'~** and treats the
van der Waals interactions, which are important for the large clusters studied
here. For the basis sets, we used Dunning's correlation-consistent polarized
double-zeta basis sets augmented with diffuse functions (aug-cc-pvDz).**** The
double zeta basis represents a good compromise between accuracy and calcula-
tion speed.®® The correlation-consistent basis sets were developed to describe
core—core and core-valence electron correlation effects in molecules, and previ-
ously have been shown to be accurate for a single carboxylate.*®

To obtain free energies, we performed a normal mode frequency analysis®
using the same level of theory as for optimization. Stable structures for which the
forces are zero and frequencies positive confirmed true minima on the potential
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energy surfaces. The thermodynamic analysis yielded zero point energies and
thermal corrections to the electronic energy due to translational, electronic, and
vibrational motions calculated at a temperature of 298 K and pressure of 1 atm.

To calculate the free energy change for the reactions in eqn (1), we calculated
the difference in free energy between the product (p) and the sum of the reactants
(r) in stoichiometric proportions (n,):

AG = G, — 3n,G.. (2)

The structures resulting from these calculations will be compared to the
binding sites of the selectivity filter in the KecsA K channel with PDB ID 1K4C.*
We use the labeling of this PDB entry for the residues and atoms in discussing the
K' channel structure.

3 Results

The binding free energy in Fig. 2 monotonically decreases with increasing
number of NMA ligands, 7, for both K* and Na' to n = 8. This behavior contrasts
to the binding of water to these cations, where a minimum occurs at 4 tetrahedral
waters.”® A major difference between water and NMA ligands is the binding
among the NMA molecules themselves, as will be shown below in the discussion
of the structures. For n = 4, the NMA molecules H-bond to each other in the
optimized structures, and the H-bonding makes a significant contribution to the
binding free energy. Other structures with fewer H-bonds have free energies that
are higher (less favorable) by several kcal mol . The figure (Fig. 2) shows that AG
is lower for Na* than for K* (see Table 1). When water replaces the cations, the AG
magnitude is much smaller than for the cations. In fact, for n = 1 and 2, AG is
within 1 kcal mol™* of zero. The electrostatic binding of the cations is much
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Fig. 2 AG as a function of the number of NMA ligands, n, for K*, Na* and water (W).
Horizontal dashed lines give the calculated free energy for ion hydration, which defines
the reference state. The open points are for occupancy by two cations and the point with
SP inside is from a single point calculation; see text for details.
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Table1l Free energy differences, AG, of egn (2) for X =K*, Na*, and W (water) as a function
of ligand number, n, in kcal mol™

n AG (K" AG (Na") AG (W)
1 —23.9 —-33.0 —-0.3
2 —41.3 —56.4 0.8
3 —52.8 —68.1

4 —63.1 —82.5 -5.1
5 —67.8 —88.3

6 -70.1 —-90.5

8 —83.6 —98.1 —10.1

stronger than the hydrogen bonding of water and can be shared among many
more O atoms, yielding distinctly different structures, as will be shown below.

The K* channel comprises layers of 4 amide carbonyls in a square configura-
tion that forms part of the selectivity filter. The optimal structures for K" and Na*
binding to 4 NMA both have the carbonyl O atoms forming a square in a single
plane (see Fig. 3), and each of the carbonyl O atoms bind to the respective cation.
Hydrogen bonds among the NMA help stabilize the square carbonyl O configu-
ration. The amines in each NMA form a hydrogen bond to a carbonyl in the
neighboring NMA. The H-bond connection among all the NMA stabilizes the
planar structure.

While water forms a tetrahedral coordination with either cation, a tetrahedral
coordination by 4 NMA would not allow hydrogen bonding among the NMA. As
noted above, n = 4 structures at metastable minima with tetrahedral coordination
have fewer total H-bonds and, thus, AG is higher (less favorable) by
several kecal mol . The cyclic hydrogen bonding provides a large contribution to
the free energy that more than compensates for the non-tetrahedral coordina-
tions of the cations.

This planar n = 4 structure forms the basis for the n = 8 structure that, as we
will show, has the O atoms positioned in nearly identical locations as the O atoms

Fig. 3 Images®-? of K* (a, b) and Na* (c, d) complexes binding to 4 NMA ligands showing
top view (a, c) and side view (b, d). The atom colors are: O red, C cyan, N blue, H white, K
green and Na purple.
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in the layers of the K" channel selectivity filter. This positioning occurs in the
NMA cluster, in part, due to the hydrogen bonding among the NMA,; in the protein
channel, the folded structure yields the O atom positioning.

Fig. 3 shows a key difference between the K' and Na' optimal structures: the K*
is offset above the plane of the O atoms by 0.94 A. The NMA molecules in the K"
structure are slightly tilted with respect to the plane formed by the O atoms. In
contrast, all the heavy atoms lie in the same plane in the Na' structure. In general,
K" will have a larger separation when bonded to O than Na', similar to the
structural differences between the ions in liquid water (2.4 A vs. 2.7 A).**55-% For
n = 4 (Fig. 3), the carbonyl O-K" separation is 2.66 A, and the carbonyl O-Na*
separation is 2.33 A. The O-O separations along the square sides for K are 3.50 A
and for Na" are 3.29 A. The larger O-K" separation is achieved by a slightly larger
square of O and the displacement of the K" atom above the plane of the O atoms.

Fig. 4 shows images of a single water molecule binding to 4 NMA, which differs
significantly compared with the cation structures. In the water complex, the NMA
molecules are not in a plane although the NMA O atoms are planar (see Fig. 4(a)).
Some amines form hydrogen bonds to the NMA O atoms, but none bond to water.
Overall, there is no geometry for which all possible hydrogen bond pairs occur.
Some hydrogen bondable atoms in the water complex do not have a partner.
Consequently, the water complex structure differs from the cation complex
structure. The charge of the cations results in equal binding to all 4 of the NMA O,
but the water can only hydrogen bond equally to 2 NMA. Thus, the cation
configurations have the O atoms in a square with all O atoms equivalent, but the
water configuration has the O atoms in a quadrilateral because the binding
among the O atoms are not equivalent. In the cation configurations, the amine H
(positively charged) need to be as far as possible from the cation, but still allow
the amine-O to hydrogen bond. This constraint forces the NMA molecules to be
mostly planar. In contrast, the water configuration does not have this constraint,
and the NMA molecules have more rotational freedom.

The lowest free energy configuration is for n = 8, and the positioning of the
carbonyl O atoms corresponds well with carbonyls in the K channel selectivity
filter (Fig. 1). For K', the optimal 8-NMA structure is found by starting with the n =
4 structure and copying the 4 NMAs, doing a mirror image flip, translating to
a position above the K by the same distance, and rotating such that the O atoms
in one layer lie under/over the amine H atom of the layer above/under, respec-
tively. Basically the same procedure was done for the Na' system, but the spacing
between the two layers had to be estimated since Na' resides in the plane at n = 4.

Fig. 4 Images of H,O binding to 4 NMA ligands showing two viewpoints. (a) The four O
atoms in NMA are in a line, indicating they are in the same plane. The water molecule is
above this plane. (b) The top viewpoint is from above the plane of NMA O atoms.
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Fig.5 Images of K* (left) and Na* (right) complexes binding to 8 NMA ligands showing two
viewpoints.

The optimized structures for the n = 8 systems (Fig. 5) are similar in layout,
with the main difference being that the separation distances for K" are larger than
for Na". The positioning of the O atoms is close to two of the layers in the
selectivity filter of the K" channel. Fig. 6 shows the backbone atoms for residues
VAL76 and GLY77 of KcsA that contain site 2 for K'.1° Squares of carbonyl O atoms
are in a plane for each residue and the combination forms an octagon, when
viewed from the top, that appears similar to the n = 8 structures in Fig. 5.

The separations for binding sites 1, 2 and 3 in the K' channel crystal structure
1K4C match well with the cation-O distances for both K" and Na" in the 8-NMA
optimized structures. In Table 2, the distances between atom pairs for the K" and
Na' binding to 8 NMA are given, respectively. The average K'-O separation is
2.833 A and the average Na'-O separation is 2.680 A. In the 1K4C crystal structure,
the THR75:0G separation from K is 2.883 A, and the VAL76:0 separation is 2.857
A; both of these match the K":0 distance in the 8 NMA structure. However, the
THR75:0 is 2.710 A and GLY77:0 is 2.722 A from K*, which better match the Na*:0
distance in the 8-NMA structure. For the n = 8 K" structure, the root mean squared

Fig. 6 Images of the backbones of Val76 and Gly77 residues bound to K* in the 1K4C
crystal structure of the K* channel viewed from (a) down the channel, and (b) the side.*®
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Table 2 Distances in A between atom pairs in K* and Na™ binding to 8 NMA for structures
in Fig. 5. X represents the cation

Atom 1 Atom 2 K Na*

X (0] 2.833 2.681
X O 2.832 2.679
(0] (0] 3.487 3.295
O O 3.488 3.295

deviation (rmsd) between the 8 NMA O atoms and the O atom in the binding sites
1, 2 and 3 of the selectivity filter are 0.24, 0.45 and 0.21, respectively. For the Na*
and 8-NMA case, the rmsd are 0.45, 0.20, and 0.47, respectively. Thus, these layers
in the selectivity filter have O positioning that closely resembles the 8-NMA
structures.

The position of the O atoms about site 4 differs in geometry from the other
layers. The O atoms stack above each other such that the view along the axis of the
channel is a square of O atoms, not the octagon of the other layers (see Fig. S37).
This site is not matched by the NMA structures.

The spacings between the K" sites in the crystal are 3.40, 3.21 and 3.34 A. For
the 8-NMA structure, the spacing between the planes, determined from the N-C
separation, is 3.20 A for K" and 3.14 A for Na* occupancy. The larger spacing for K*
better matches the K channel, but the spacing between layers of NMA could
change in calculations of 3 or 4 layers, which are outside the capability of the
present calculations.

The optimized structure for n = 8 NMA and water does not form a layered
structure for the NMA carbonyls, as shown in Fig. 7. Water can only H-bond to two
carbonyl O atoms and cannot order the 8 NMA carbonyls the way the cations can.
Two other H-bonds are made to the water by amines, which removes them from
forming H-bonds with other NMA and further pushes the structure away from
a layered geometry. The free energy of binding for water is much weaker than the
cations, at only —10.1 kcal mol ' (see Table 1). This result suggests that the

Fig. 7 Image of H,O binding to 8 NMA ligands. H-bonds form between water and NMA.
No layered structure exists in the optimized geometry.
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likelihood of water in such a binding site will be low relative to either K" or Na*.
With respect to the K* channel, the binding energy for water in sites 1, 2 or 3 of the
selectivity filter will be small and much lower than for K or Na'. Thus, in the K"
channel, water will also have a low likelihood of binding.

Since multiple cations occupying neighboring binding sites in the selectivity
filter is one hypothesized scenario, we performed geometry optimization and free
energy binding calculations for two (2) cations. The binding free energies for 8
NMA and 2 cations are shown in Fig. 2 as open data points at n = 9 to distinguish
them from the single cation data. For either cation, these simulations started
from the structures in Fig. 5, with an additional cation placed inline with the
already present cation and above the top layer of 4 NMA. For K' binding, the free
energy of the optimized structure is below the free energy for 8 NMA and a single
cation, implying that the two-cation structure is more stable. The K' case
preserves the layered structure, with the cation in a central channel (Fig. 8a and
b). Thus, in the idealized environment of the gas phase, the repulsion between
two cations does not destabilize the K' structure, but instead stabilizes the
structure. This stabilization implies that the presence of multiple K™ in the K"
channel is actually stabilizing.

In contrast, the structure in the Na* case changes significantly (Fig. 8c and d).
The Na' become 5-fold coordinated by a lateral shifting of the NMA layers relative
to each other, and each Na" atom moves to the central location within the NMA
plane, similar to the 4-NMA structure. This Na* complex structure does not match
the K" and O positioning of the K* channel. This structural shift is consistent with
the unconstrained, preferred local binding of O atoms by Na* preferring a smaller
coordination compared with K" when in a crowded binding site surrounded by
a low dielectric environment.”*12143%3 [n the addition of a second Na' to the 8
NMA complex, the H-bond constraints that yield the layers of 4 NMA remain, but
now the positioning of the Na" and the relative positioning of the layers can and
do adjust to satisfy better the Na* preferred binding geometry (Fig. 8c and d). The

Fig. 8 Images of two K* (a, b) or Na* (c, d) binding to 8 NMA ligands showing top view (a,
c) and side view (b, d).
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binding free energy in this distorted structure, relative to the crystal structure, is
much more favorable than the other binding sites (—133.4 kcal mol ).

To determine the free energy of Na’ in an NMA complex that matches the K
channel structure, we carry out a single point calculation of a two-Na" structure
that fixes the positions of the layered structure to one that has low rmsd with
respect to the K channel (see ESIT). Specifically, we use the single Na* structure
(Fig. 5¢c and d) and place the second Na* 3.4 A above the first one, as in the K*
channel crystal structure. Since this is a single point calculation, we have to
estimate the free energy, which we do by adding the enthalpy from the calculation
to the entropy term from the fully optimized structure. For this structure, the
binding free energy is —88.1 kcal mol™" (see Fig. 2), which is slightly above the
optimized two-K" structure (AG = —91.6 kcal mol ') and well above the optimized
two-Na* structure in the 8 NMA complex (—133.4 kcal mol ). This result suggests
that multiple cations might destabilize neighboring Na" in binding sites with the
KcsA architecture.

The change in free energy to transfer an ion between the bulk solution and the
ligand binding site is the quantity that determines the preference for binding
between K" and Na'. We can use the AG(X":NMA) for X" = K" and Na" in Fig. 2 to
calculate the free energy of transfer, AAG. Earlier, we calculated the free energy
change for both cations binding to water using the same functional and basis set
as used here.®® The free energy of transfer is then

AAG = AGX:nNMA) — AG(X*:4H,0) 3)

To treat bulk liquid water, we use nw = 4, which is the known preferred local
coordination for these cations in water." The binding free energies, calculated
with the same basis and functional, are AG(X*:4H,0) = —44.8 kcal mol " for Na*
and —28.8 kcal mol ™" for K*. Fig. 9 shows a plot of AAG as a function of n. The
most relevant data is for n = 4. In this range, the difference in AAG for K" minus
Na' defines ion selectivity. In the range from n = 4 until n = 8, AAG > 0, indicating
that Na' is preferred to bind over K'. This preference for binding the smaller ion
over the larger ion, in uncrowded binding sites, is expected and was observed
earlier.”®12343%37.63,64 At 5 = 8, where the binding site is maximally crowded, the
sign changes and K' binding is preferred, although the difference is small
(—1.5 keal mol™). At such a small difference, both Na* as well as K* would bind.
This result implies that a single site between two layers of coordinating O atoms
modeled as NMA is not sufficient for the channel to select K* over Na*, which is
consistent with experimental data."”

If we consider multiple layers of NMA that have m cations corresponding to
occupying m sites in the K* channel, then the transfer free energy is

AAG = AG(X,,"'nNMA) — mAG(X*:4H,0) (4)

The second term with the multiplier of m on the water cluster binding free energy
is much more costly for Na" than for K'. This effect can be seen in Fig. 9 for the
two-cation data. The AAG for two K™ and eight NMA is —34.0 kcal mol ™. For the
single point calculation of two Na* with 8 NMA, corresponding to the K channel
structure (see ESIT), AAG = 1.5 kcal mol~". The difference between these AAG,
which corresponds to the selectivity free energy, is rather large and favorable for
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Fig. 9 The transfer free energy AAG from egn (3) as a function of the number of NMA
ligands, n, for K™ (green squares) and Na* (blue circles). The solid points are for single
cations and the open points are for 2 cations, as indicated. The Na* point with SP inside is
the single point calculation within the channel structure. See text and ESI for details.f

K'. Given the experimental data that more than two K' sites are needed for
selectivity, this value is too large. However, conceptually, this result shows that
selectivity comes from the multiple adjacent cation sites and the summed free
energy over the sites to yield a preference for K" over Na'.

4 Conclusions

We used DFT to calculate the geometry-optimized structures for K', Na', and
water binding to multiple N-methyl acetamide molecules. In the fully relaxed 4-
fold NMA structures, the carbonyl O atoms form a square binding geometry to the
cation in the middle. The optimized 8-fold NMA ligand structure has the cations
in-between two layers of the 4-fold structure. In these 8-fold NMA ligand struc-
tures with a single cation, the NMA carbonyl O atoms take nearly identical
positions to the carbonyl O atom in the K' channel selectivity filter.

The 8-NMA structures have the lowest free energy as a function of the number
of NMA, with Na" being lower than K'. A water molecule in the 8 NMA structure
has a small binding free energy, implying that either K" or Na* binding is much
more favored over water. Calculations of the transfer free energy between bulk
water and the ligand binding site find K" preferred over Na' in the maximally
crowded n = 8 binding site, although the difference is small. These results imply
that a single site in the K channel is insufficient to yield high selectivity of K" over
Na', which is consistent with experiments that demonstrated that fewer than four
binding sites do not distinguish between K" and Na'.

Calculations for 8 NMA and 2 cations suggest that multiple layers of carbonyl O
atoms and adjacent occupancy of K' yields clear selectivity of K* over Na'. The
optimal structure for 2 K" and 8 NMA has a lower free energy than with just one
K', implying that neighboring K" in the K channel selectivity filter are not only

206 | Faraday Discuss., 2024, 249, 195-209  This journal is © The Royal Society of Chemistry 2024
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possible, but stabilizing and favored. In contrast, the optimal structure for 2 Na*
results in a rearrangement of the NMA layers relative to the single Na' structure
that yields O positions substantially different from the K channel. This result
implies that two Na' are destabilizing. Single point calculations for 2 Na', in
a geometry corresponding to the K* channel structure, have a slightly larger free
energy than the optimized K' value. As a consequence, the transfer free energy
between water and the binding site has a strong preference for K over Na'.
Altogether, these results suggest that the multi-ion, multi-layer structure of the
selectivity filter is important for selectivity of K" over Na".'” The selectivity comes
from the sum of the free energies over all the sites, yielding a sufficiently more
favorable total free energy for neighboring K* than for Na*. Future work in this
area that can treat multiple ions and multiple layers of the full selectivity filter
using quantum chemistry approaches is clearly warranted, once it becomes
computationally feasible.
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