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Abstract
K-channels and valinomycin molecules share the exquisite ability to select K+ over Na+ ions. Highly
selective K-channels maintain a special local environment around their binding sites devoid of
competing hydrogen bond donor groups, which enables spontaneous transfer of K+ from states of
low coordinations in water into states of over-coordination by 8 carbonyl ligands. In such a phase-
activated state, electrostatic interactions from these 8-fold binding sites, constrained to maintain high
coordinations, result in K+/Na+ selectivity with no need for a specific cavity size. Under such
conditions, however, direct coordination from 5 or 6 carbonyl ligands does not result in selectivity.
Yet, valinomycin molecules achieve selectivity by providing only 6 carbonyl ligands. Does
valinomycin use additional coordinating ligands from the solvent or does it have special structural
features not present in K-channels? Quantum chemical investigations undertaken here demonstrate
that valinomycin selectivity is due to cavity size constraints that physically prevent it from collapsing
onto the smaller Na+ ion. Valinomycin enforces these constraints using a combination of intra-
molecular hydrogen bonds and other structural features, including its specific ring size and the
spacing between its connected ligands. Results from these investigations also provide a consistent
explanation for the experimental data available for valinomycin’s ion-complexation properties in
solvents of varying polarity. Together, investigations on these two systems reveal how nature, despite
being popular for its parsimony in recycling functional motifs, can use different combinations of
phase, coordination number, cavity size, and rigidity (constraints) to achieve K+/Na+ selectivity.
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Natural systems possess the remarkable ability to distinguish between two equivalently charged
ions, Na+ and K+, which differ in size by less than 0.4 Å. As a consequence of this ability,
virtually all cells can transport these ions selectively and regulate their concentration gradients
across membranes.1 Preferential binding of one of these ions over the other also affects
activities of several other globular protein2 and RNA3 enzymes. Selective ion permeation and
binding ultimately enable a wide variety of high-level physiological tasks to be accomplished;
from nutrient uptake and volume control in cells, to generation and propagation of nerve
signals, maintenance of rhythmic heart rates, vision and dialysis in eukaryotes.
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Among bio-molecules that differentiate between these two ions, some selectively bind K+,
while others bind Na+. What drives selectivity in favor of a particular ion? Equilibrium
thermodynamics dictates that transfer of a particular ion A from one solvation phase m, say
water, to another solvation phase p, say protein, is favorable when the ion’s solvation free
energy in phase p is lower than its value in phase m,

[1]

where ΔGA(m) is the free energy change for ion A in phase m relative to the gas phase. Selective
partitioning of ion A over another ion B into phase p is favorable when the free energy change
for transfer from phase m to p is lower for A relative to B,

[2]

While these equations describe the thermodynamic driving forces required for selectivity, they
do not indicate the determining factors. The determinants of A/B (K+/Na+ or Na+/K+) selectivity
are the chemical and structural features present in phase p that alter the free energy difference
between these ions with respect to their difference in phase m.

The pursuit to understand the determinants of K+ over Na+ selectivity began several decades
ago, and now with the advent of new initiatives to engineer biomimetic nano-devices for
addressing critical issues concerning dialysis, desalination and power generation (see for
example Ref. 4), such efforts are being undertaken with an added impetus. Early investigations
led to the formulation of two main concepts: one built around host-guest steric relationships,
5, 6 where the host molecule maintains a specific cavity size that fits one ion better than the
other, while the other built around host-guest chemistry,7, 8 where specific electric field
strengths of the host molecule ligands solvate one ion better than the other. These concepts
revolutionized the field of ion channel selectivity, especially concerning equivalently charged
ions. Until a few years ago, however, lack of theoretical and experimental data limited testing
of these mechanisms to determine how well they explain selectivity in biomolecules.

Here we first briefly review recent investigations of potassium (K−) channels to determine
how current ideas regarding K+/Na+ selectivity relate to the two older mechanisms. Next we
describe how recent results on K-channel mechanism raise critical questions regarding the
mechanism of K+/Na+ selectivity in valinomycin, a tiny ionophore (169 atoms) in comparison
to K-channels. Finally, we present our investigations of valinomycin ion selectivity using
quantum chemical (QC) methods.

When the seminal work of Mackinnon and coworkers led to the determination of the first crystal
structure of a strongly selective K-channel,9 K+/Na+ selectivity was attributed to a host-guest
steric mechanism.6,9–12 As illustrated in figure 1(a), the crystal structure revealed that the
channel selectivity filter coordinates K+ ions using 8 carbonyl ligands. K+ ions were
thought10, 11 to partition spontaneously into such highly coordinated 8-fold binding sites
because these sites mimicked coordination of K+ ions in aqueous phase.13, 14 This notion of
ion partitioning, however, no longer holds in light of new experimental15, 16 and
theoretical17–20 data, which show that the coordination number of K+ in water is much lower
than 8, and the probability that a K+ ion simultaneously coordinates with 8 water molecules in
aqueous phase is negligible. At the same time, highly selective ion discrimination was
attributed to binding sites that formed rigid cavities matching K+, but not the smaller Na+, ion
size. Several subsequent molecular dynamics (MD) simulations,21–23 however, demonstrated
that, in accord with experimental B-factors from the crystallographic data, fluctuations of the
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coordinating carbonyl-oxygens were larger than the size difference between Na+ and K+ ions,
thus challenging the validity of the host-guest steric mechanism of selectivity. In light of this
realization, recent theoretical work based on free energy perturbation (FEP) calculations24
demonstrated how the host-guest chemistry model could instead be invoked to explain K+/
Na+ selectivity in K-channels.

Certain critical experimental and theoretical observations, however, still remained
unexplained.20, 25 For instance, how does K+ partition between low coordination states in
bulk water and a high 8-fold coordination state in the filter? Why should the chemically
identical binding sites S1, S2 and S3 in strongly selective KcsA channels have strikingly
different degrees of computed26, 27 selectivities? Why should specific mutations28, 29 in the
region adjacent to these binding sites render the filter non-selective? Why should NaK
channels30 have reduced selectivity despite sharing two structurally and chemically identical
binding sites with strongly selective K-channels?

Recent QC-based studies20 helped reconcile these seemingly disparate observations by
identifying the roles of the chemical and structural properties of the solvation phase in
modulating ion coordination architectures, and the importance of maintaining specific high
numbers of coordinating ligands in the binding sites for selectivity. Because the spatial region
proximal to the binding sites in strongly selective K-channels is devoid of competing hydrogen
bond donors the protein solvation environment cannot directly and favorably interact with the
coordinating carbonyl oxygen atoms. Within such a local “quasi-liquid” pocket,
electrostatically equivalent to a low dielectric phase (ε < 3), the thermodynamic probability for
formation of an 8-fold K+ coordination complex with carbonyl ligands increases to a value that
no longer obstructs K+ ion partitioning between water and the binding sites. At the same time,
the free energy associated with transferring a Na+ ion from liquid water to the same 8-fold
carbonyl binding site is unfavorable, resulting in K+/Na+ selectivity. Furthermore, as also
inferred from previous MD simulations,24 such an 8-coordinate K+-selective binding site does
not require restrictions on its cavity size. Nevertheless, if the binding site were fully flexible,
occupation by Na+ ions could reduce the number of coordinating ligands to 5 or 6 and
consequently eliminate selectivity.20, 31 Therefore, although a specific cavity size is not
required, some form of rigidity20 or topological constraint,31 which could be supplied by
structural and chemical properties of the solvation phase or the binding site itself, is necessary
to prevent distortion32 of the binding sites upon Na+ occupation. In particular, rigidity is
needed in strongly selective K-channels to enforce direct ion coordination by high numbers
(>6) of carbonyl ligands.

Factors that disturb the quasi-liquid environment,20 via structural or chemical modifications,
can lead to distortions in binding site coordination architectures, which can in turn result in a
complete loss of K+/Na+ selectivity. For example, hydrogen bond donor side chains introduced
next to the selectivity filter binding sites can compete with the permeating ion for direct
favorable interactions with carbonyl oxygens, and thus reduce the probability for formation of
binding sites with high numbers of coordinating ligands.20 Fewer ligands coordinating the
ions in such a binding site result in significantly reduced selectivity, as was demonstrated
recently using thermodynamic calculations.20 Experimental observations of reduced
selectivity with mutations that introduce hydrogen bond donor groups near K-channel binding
sites also lend support to such a mechanism. For example, when tryptophan, a hydrogen bond
donor, replaces serine at the S177 position in GIRK2, selectivity is substantially reduced.28,
29 Note that while serine is also a hydrogen bond donor, its distant location on the
transmembrane helix and shorter length in comparison to tryptophan may provide it with fewer
opportunities to physically approach the carbonyl oxygens of the binding sites. In a different
example from the comprehensive sequence alignment of K-channels,33 weakly selective K-
channels carry hydrogen bond donors in the form of arginines in proximity to their selectivity
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filters, and these side chains are completely absent in all strongly selective K-channels. Note
that arginine side chains are normally implicated in salt-bridge formation. In the absence of
proximal negative charges, however, they can also engage in hydrogen bond formation.

Since water is also a hydrogen bond donor that can disrupt the quasi-liquid environment,
exposure of K-channel binding sites to different amounts of intra- or extra-cellular water can
naturally be expected to affect the degrees of their selectivity. For example, binding site S2 in
the highly selective KcsA channel is the site least exposed to water.9 Even though it is
chemically identical to sites S1 and S3, all-atom MD simulations24,27,34 predict a higher
selectivity of −5 kcal/mol for this site, as compared to a −2 kcal/mol selectivity for the other
sites. On the same note, water penetration into the protein matrix behind the selectivity filter
can also be expected to reduce selectivity. Such water penetration has been reported in several
MD simulations, and has also been seen in x-ray studies. This is perhaps one reason why the
computed selectivity of approximately −10 kcal/mol for an isolated binding site20 is higher
than the measured selectivity of K-channels. In another example, the NaK channel shows weak
selectivity and, in contrast to highly selective K-channels, all its ion binding sites30 are exposed
to water. Note that increased flexibility20 or reduced topological constraints31 in the NaK
binding sites, compared with KcsA, can also contribute to its reduced selectivity. Increased
flexibility is evident from the recent MD simulation data34 on the NaK channel where its
binding sites are seen to adopt substantially different coordination structures around the two
ions relative to KcsA.

Exposure of ion binding sites to water can reduce their selectivities via two different
mechanisms. In a host-guest chemistry mechanism, water molecules on average replace some
of the carbonyl ligands during ion complexation and thus reduce the electric field density to
values that exhibit lowered K+/Na+ selectivity, as explored recently using reduced models.
34 The reason weaker-field water molecules would preferentially replace some of the stronger-
field carbonyl ligands in a channel binding site is not simply because more waters are present
near those binding sites, but because water molecules are energetically easier to extract from
aqueous phase in comparison with carbonyl ligands.20 In an alternative mechanism, the
exposure to water could result in an overall drop in binding site coordination numbers, without
ligand substitution, which also reduces selectivity.20, 31 Regardless of the mechanistic details,
the degree of exposure of binding sites to water indeed determines the absolute potency of a
given carbonyl binding site to carry out K+/Na+ discrimination.

In summary, recent work strongly suggests that K-channels use a “phase-activated”
mechanism20 where the local environment around their binding sites is tuned to sustain high
coordination numbers (> 6) around K+ ions, which otherwise are rarely observed in liquid
water. When such high coordinations are enforced, using some form of rigidity20 or topological
constraint31 provided by properties of the protein solvation phase or binding site, and combined
with the field strength of carbonyl ligands, they create the electrical scenario necessary for
rapid and selective K+ partitioning20 with no need to maintain specific cavity sizes.20,24,31

Note that in these and other simulation studies,20,31,34,35 the general strategy to investigate
the effects of structure on ion selectivity was to utilize representative models of ion binding
sites, without an explicit description of the rest of the protein matrix. Such representative
models were constructed only after a systematic analysis20 of the effects of both numbers and
ligand chemistries on ion partitioning and selectivity. Results of these simulations were then
analyzed in the context of known experimental and theoretical data, which consequently led
to an improved understanding of the role of the protein matrix20, 31 in driving ion selectivity.
This is not a shortcoming of the approach. Instead, it is part of a strategy essential for
understanding the individual and collective roles of the physiologically relevant degrees of
freedom available to ion binding sites, an apparently impossible task if the remaining protein

Varma et al. Page 4

J Mol Biol. Author manuscript; available in PMC 2009 February 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



matrix is explicitly incorporated, as done in standard MD simulations or in wet-lab
experiments. In addition, such a strategy provides an opportunity to utilize quantum chemical
methods that excel at describing complex interactions, such as those occurring between an ion
and its coordinating ligands.

In view of this K-channel mechanism, which depends on the electrostatic and structural
properties of the local environment along with constraints that enforce high ion coordination
(> 6), how does valinomycin achieve K+/Na+ selectivity by providing only 6 carbonyl ligands
for ion coordination?

Valinomycin is a tiny ionophore that has, over the past decades, helped provide a wealth of
information on bio-mechanisms at the molecular level. Chemically, it is a cyclic depsipeptide
built from a 3-fold repetition of the alternating amino- and hydroxy-acid residues L-Valine,
D-α-hydroxyvaleric acid, D-valine, and L-lactic acid, [D-Val-D-HyV-L-Val-L-Lac]3. Its
structure, in the absence of bound cations, is solvent dependent. When bound to K+, however,
it adopts a configuration wherein its amino- and hydroxy-acid side-chains always point outward
creating a hydrophobic exterior, while the 6 carbonyl oxygens from the hydroxy-acid residues
point inward forming a cavity for ion complexation,36 as illustrated in figure 1(b). Such a
structural configuration allows valinomycin to transport the bound K+ ions across cellular
membranes. Because of this selective ion transport property in combination with its small size,
valinomycin has found important applications in numerous areas,36 including investigations
of oxidative phosphorylation reactions in biosystems, as ion-selective components in liquid-
membrane electrodes, and in synthesis of antilipolytic agents, insecticides and nematodicides.

Several independent experiments36–42 have demonstrated that valinomycin selects between
K+ and Na+ ions in low as well as high dielectric solvents. For example, salt extraction
equilibrium measurements show41 that its selectivity ΔΔΔGNa+→K+ (ε → Val,ε) of −7.6 kcal/
mol is almost independent of solvent dielectric coefficients ε in the range 2 (hexane) through
9 (dichloromethane). In addition, permeability ratio measurements in lipid membranes result
in a selectivity of ~ −6 kcal/mol41, 42. In methanol, which has a higher dielectric coefficient
of 33, complexation constant experiments40 find that valinomycin prefers binding K+ to
Na+ ions by −5.4 kcal/mol. In water, which has an even higher dielectric coefficient value of
80, valinomycin still selects for K+, but its degree of selectivity has not been quantified in this
medium.36, 39 This ability of valinomycin to select K+ over Na+ in solvents of varying polarity
indicates that the core mechanism underlying valinomycin’s selectivity does not rely on
interaction with solvent and thus should be amenable to evaluation in the gas phase.
Nevertheless, solvent can be expected to modify its degree of selectivity.

To gain insight about the mechanism of selectivity in valinomycin, we first investigate how
additional ligation from solvent molecules, which raise the coordination numbers of K+ or
Na+ ions to the high values found in K-channels, can alter its degree of selectivity. We choose
water as a representative additional ligand because water extraction from aqueous solution and
addition to the ion-complexed valinomycin molecule simulates the physiologically most
relevant scenario that occurs in lipid membranes. We compute the free energy change
ΔΔgn(ε) associated with extracting n waters from aqueous phase (aq.) and adding them as extra
ligands to K+ when it is already complexed with valinomycin [K+ .Val] in a dielectric phase
ε,

[3]

We use a molecular association statistical theory43, 44 to determine the values of ΔΔgn(ε), an
approach identical to the one used previously for investigating selective ion partitioning in K-
channels.20 The ion along with its directly coordinating ligands, which in this case consist of
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the valinomycin molecule and the n ligating waters, are treated quantum chemically using
density functional theory (DFT) and the B3LYP45, 46 functional (implemented in the
Gaussian03 package47). The only difference in parameters, as compared to those used
previously,20 is with respect to the choice of basis set functions. Here all optimization and
frequency calculations are carried out using a 6-311+G(d) basis set for K+, and a 6-31G(d)
basis set for the remaining atoms, which reproduces the experimental vibrational spectra of
valinomycin.48 For computational feasibility, the hydrophobic side chains of the valinomycin
molecule are clipped and replaced with methyl groups. Note, however, that the resulting
decrease in the number of atoms in valinomycin (from 169 to 114) does not affect the high
frequency vibrational spectra of the molecule,48 implying that the computed reaction free
energies will be minimally affected.

The structural and energetic effects of increasing the coordination of K+ bound to valinomycin
[K+ .Val] by n=1 and n=2 water molecules are illustrated in figure 2. Additional ligation by
water significantly destabilizes the [K+ .Val] complex, which implies that the contribution of
these higher coordination complexes to the free energy difference between the K+- and Na+-
complexed states will be negligible. In a separate set of calculations, attempts to optimize water
molecules around a [Na+ .Val] complex such that they increase coordination of Na+ ions to 7
or 8 failed, implying that the 7- and 8-fold Na+ complexes are also energetically less favorable.
Therefore in a physiologically relevant scenario, additional ligation by water will not alter
valinomycin’s selectivity. Thus, unlike K-channels, valinomycin achieves K+/Na+ selectivity
utilizing only 6 carbonyl ligands.

To understand the core mechanism behind valinomycin’s ability to select between K+ and
Na+ ions using only 6 carbonyl ligands, we first compare the gas phase QC optimized structures
of its Na+ and K+ complexes. The two structures, as illustrated in figure 3, are not in the absolute
sense “isosteric”,49 but nevertheless closely resemble each other. The root mean square
deviation (RMSD) between the structures is only 0.14 Å, a result consistent with early circular
dichroism (CD) data in low dielectric media.39 In both cases, the ions prefer positions in the
center of the cavity created by the 6 carbonyl oxygens, consistent with previous classical MD
studies.50 The 6 oxygens are arranged in a skewed-triangular-prism geometry (not octahedral),
with 3 oxygens on either side of the ions. Note that this arrangement is typical for optimum 6-
fold Na+ and K+ ion interactions with carbonyl ligands (see Fig. S1 in supplementary text).
The average Na+-oxygen distance in valinomycin is smaller than the average K+-oxygen
distance, but by only 0.15 Å. This is consistent with results from chromatography
experiments50 where the Na+ complex was found to have a cross-sectional area slightly smaller
than that of the K+ complex.

Free energies computed using these optimized ion-complexed valinomycin structures in the
gas phase result in a more stable Na+ complex relative to the K+ complex, with ΔΔGNa+→K+
(Val,ε = 1) of 12.3 kcal/mol. When the stability due to the reaction field from a dielectric media
(ε < 80) is added (computed using the APBS package51), the magnitude of this relative stability
ΔΔGNa+→K+ (Val,ε) increases by less than 0.05 kcal/mol; a result that naturally emerges from
the structural and electrical (see Fig. S2 of the supplementary text) similarities of the two
valinomycin complexes.

This relative stability between the two valinomycin complexes is, however, much less than the
relative stability of the ions ΔΔGNa+→K+ (m) in relevant liquid media m where valinomycin
selectivity measurements have been conducted. In water, our computed20 solvation energy of
Na+ is ~ 21 kcal/mol more favorable than K+. In methanol, which has a smaller dielectric
coefficient than water (ε = 33), the relative solvation energy of Na+ compared to K+ still remains
close to 21 kcal/mol, as computed here using the same methodology described previously.20
These results are consistent with experimental data,52 which in fact show that ΔΔGNa+→K+

Varma et al. Page 6

J Mol Biol. Author manuscript; available in PMC 2009 February 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(m) remains invariant across these and a range of relevant solvents, including dichloromethane
and other alcohols. This implies that transfer of these ions from any of these solvents m into
valinomycin will result in a K+/Na+ selectivity ΔΔΔGNa+→K+ (m → Val) of approximately −9
kcal/mol. This describes the core selectivity of valinomycin, independent from structural
changes effected by solvent on its Na+ and K+ complexes. Consequences of structural changes
brought upon by interaction with solvent will be considered, but a little later.

We now investigate the mechanism that gives rise to valinomycin’s core selectivity, or in other
words we investigate why the relative stabilities of ions in valinomycin complexes are smaller
than their values in liquid media, ΔΔGNa+→K+ (Val) ≪ 21 kcal/mol. Note from table 1 that
this behavior is not typical of 6-fold coordinations in gas phase. In fact, a 6-fold coordination
complex involving all carbonyl ligands results in a relative free energy difference
ΔΔGNa+→K+ close to 21 kcal/mol. Therefore, the specific carbonyl chemistry of the ligands in
valinomycin is not responsible for its K+/Na+ selectivity, as postulated otherwise.8,24,34 Note
also from table 1 that the average Na+-oxygen distance of 2.64 Å in valinomycin is larger than
the distance of ~2.4 Å that Na+ prefers when it interacts with 6 fully flexible monodentate or
partially flexible bidentate ligands. This increase in ion-ligand distance is seen in spite of the
skewed triangular prism geometry that Na+ prefers when coordinating with 6 ligands. K+ ion,
on the other hand, binds to valinomycin at an average distance similar to what it prefers when
it forms 6-fold complexes with other ligands. This observation raises two questions. First, is
such an increase in ligation distance sufficient to reduce the relative stability of the ions in
valinomycin from ~21 to ~12 kcal/mol? Indeed it is, as can be verified using Coulomb’s
equation and the ion-ligand data given in figure 3 and figure S2 in the supplementary text.
Second, why is the Na+ ligation distance in valinomycin larger than its preferred length? In
other words, what restrains valinomycin from collapsing onto the smaller Na+ ion? There are
three main interactions in proteins, or in this case a depsipeptide that define 3-dimensional
structure: hydrophobic forces, salt-bridges, and hydrogen bonds. Among these, hydrogen
bonds are the only form of interaction relevant to such a structural feature in valinomycin as
there are six hydrogen bonds present in its optimum Na+ and K+ complexes. In addition, since
valinomycin is a cyclic molecule, constraints that might arise from its specific ring size also
matter, as explored in the past.37, 53

To investigate the contribution of hydrogen bonds to valinomycin’s selectivity, we turn them
off in a manner that can be emulated in experiments. As illustrated in figure 4, we start with
the K+ optimized valinomycin configuration, and substitute all six of its hydrogen bond
acceptor carbonyl oxygens =O with non-hydrogen-bonding =CH2 groups. A QC re-
optimization in the presence of K+ noticeably alters its backbone configuration (RMSD = 0.65
Å), but the 6-fold skewed-triangular-prism coordination geometry is retained, and the average
K+-oxygen distance increases by only 0.1 Å. A QC re-optimization in the presence of Na+,
however, results in an altogether different structure. The molecule adopts an elliptical shape
and coordinates the Na+ ion using only 4 carbonyl oxygens. The four coordinating oxygens
are closer than in the native hydrogen-bonded complex, at an average distance of 2.33 Å, while
the remaining two carbonyl oxygens fall away to a distance of 5.1 Å. The intra-molecular
hydrogen bonding in valinomycin, therefore, plays a more important role in driving the
structure of its Na+ complex, as compared to its K+ complex. These changes in coordination
configurations consequently result in a significant increase in the relative stability
ΔΔGNa+→K+ (mVal) of the mutated Na+ compared to K+ valinomycin complex by 5.5 kcal/
mol. The hydrogen bonds, therefore, significantly contribute to K+/Na+ selectivity because
they make valinomycin less flexible and prevent its ligands from adopting an energetically
more stable configuration around the smaller Na+ ion.

The results above also indicate that some residual K+/Na+ selectivity (~ −3 kcal/mol) is retained
even in the complete absence of intra-molecular hydrogen bonds, suggesting the presence of
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other structural features in valinomycin that contribute to its selectivity. Note from figure 4
that, in the absence of hydrogen bonds, valinomycin prefers a 4-fold coordination around
Na+ ions. Valinomycin’s residual selectivity for K+ is surprising given previous gas phase
investigations with formamide (carbonyl) ligands20 that show 4-fold coordination of Na+ is
energetically more stable than its corresponding 6-fold coordination by 3.0 kcal/mol. In a
similar calculation, we find that a 4-fold coordination from 2 glycine dipeptide molecules
(carbonyl ligands) is also energetically more stable than its corresponding 6-fold coordination
by 2.5 kcal/mol. Adding to this the observation that a 6-fold coordination from flexible carbonyl
ligands leads to no K+/Na+ selectivity, the 4-fold coordination of Na+ in mutated valinomycin
should have led to a reversal of ion selectivity. The reason valinomycin retains K+/Na+

selectivity is because this 4-fold geometry, in which all the 4 ligands are cluttered on one side
of the Na+ ion (figure 4), is energetically less stable than the preferred 4-fold geometries in gas
phase, such as the tetrahedral or planar18 geometries. These 4 ligands from valinomycin are
unable to adopt such preferred geometries because of the combined restraints in valinomycin
from structural features such as its specific ring size and the spacing between its connected
ligands.

These results on the effects of intra-molecular hydrogen bonding, in fact, also suggest how
interaction with solvent, other than by direct coordination, can alter valinomycin’s core
selectivity. It is well known that thermal fluctuations cause local opening and closing of
hydrogen bonds.54–57 In the event of their exposure to solvent, as in the case of valinomycin,
solvent molecules can compete for hydrogen bonding and decrease the stability of backbone
hydrogen bonds. The higher the polarity of the solvent, the more disruptive its effect will be
on valinomycin’s intra-molecular hydrogen bonding. This is also evident from valinomycin’s
structure in the absence of bound cations,36 where the number of intra-molecular hydrogen
bonds are known to decrease with increase in solvent polarity. Therefore, we can expect that
even when valinomycin is complexed with ions, its propensity to maintain its hydrogen bonds
will decrease with increase in solvent polarity.

Increase in solvent polarity will therefore affect valinomycin in at least three ways. First, the
reaction free energy associated with ion complexation to valinomycin will change. In addition
to a higher energetic penalty associated with extracting valinomycin from the solvent phase,
the decrease in its intra-molecular hydrogen bonding will also contribute to an overall reduction
(to less favorable values) in its ion complexation free energy. At the same time, however,
increased flexibility will allow valinomycin to wrap itself around an ion in an energetically
more favorable configuration. In addition, there will be a gain in configurational entropy. This
gain, however, is expected to be less than 1 kcal/mol as the contribution from entropy when
n out of 6 hydrogen bonds are broken is given by k.T.log((6−n)!n!/6!). Experimental binding
constant data collected as a function of increasing polarity8,39,41,58 in fact reveal a rough
pattern wherein ion complexation energy decreases with increased solvent polarity, suggesting
that the former two effects override the latter two competing effects. This specific dependence
of ion complexation energy on solvent polarity could be vital for valinomycin to transport
K+ ions across lipid membranes as valinomycin would be weakly bound to K+ at the high
dielectric lipid-water interface for spontaneous ion uptake and release, and strongly bound to
K+ when inside the low dielectric lipid membrane for transport.

Second, as the solvent polarity is increased, the approximate “isostericity” observed between
the Na+ and K+ complexes in gas phase will decrease. Based on the results above, the
configuration of the K+ complex will not change as significantly as that of the Na+ complex,
which will adopt a more elliptical shape. CD and optical rotary dispersion (ORD) data39
collected in solvents with varying polarity, in fact, lend direct support to such a trend. In
addition, recent MD simulations of valinomycin carried out in ethanol24, 59 show that it adopts
a 6-fold coordination around K+, but a lower 4-fold coordination around Na+ ion. These
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simulations, however, were carried out in the absence of polarization, which has been argued
to be important for describing ion binding in valinomycin8 (also see ab initio data in table S1
of supplementary text).

Finally, a characteristic dependence of K+/Na+ selectivity on solvent polarity will emerge. In
low polarity solvents, where all hydrogen bonds are maintained and the Na+ and K+ structures
remain approximately isosteric, the K+/Na+ selectivity will attain a constant high value of
selectivity similar to its core selectivity. This idea was in fact conceptualized49 in the late
1960s and eventually proved41 by carrying out salt extraction equilibrium experiments in low
(ε < 9) polarity solvents. In higher polarity solvents, where the proclivity to maintain all six
hydrogen bonds is lower, valinomycin will be able to adopt a relatively more stable
configuration around the Na+ ion. In such a scenario, selectivity can be expected to decrease,
but further investigation is still required. Nonetheless, valinomycin selectivity will not vanish
even in very high polarity solvents due to the intrinsic contribution of −3 kcal/mol from its
other structural restraints that are not affected by solvent polarity.

Together, we find that valinomycin is able to use only 6 carbonyl ligands to achieve K+/Na+

selectivity because it can physically prevent all of its 6 ligands from simultaneously collapsing
onto the smaller Na+ ion. In other words, it creates a specific cavity size for ion binding that
matches the K+, but not the smaller Na+, ion size. Valinomycin enforces such constraints
through a combination of intra-molecular hydrogen bonds and other structural features,
including its specific ring size and the spacing between its connected ligands.

This host-guest steric mechanism of valinomycin is, however, entirely different from K-
channels, which use a different variety of topological constraint. In the absence of cavity size
constraints, K-channels utilize constraints on over-coordination by > 6 carbonyl ligands. In
addition to any rigidity supplied by the binding site structure, K-channels also require a special
local solvation phase around their binding sites that is devoid of competing hydrogen bond
donors to sustain such over-coordination.20 One of the key advantages of the K-channel
mechanism is that it allows the degree of selectivity to be easily tuned via mutations in the
protein solvation environment surrounding the binding sites. In fact, nature appears to have
capitalized on this feature to create strong, intermediate as well as weakly selective K-channels
without major backbone structural rearrangements.30, 33 The main advantage of
valinomycin’s mechanism over the K-channel mechanism is that valinomycin can tolerate the
presence of hydrogen bond donors in its local neighborhood, as is evident from its persistent
selectivity in solvents of varying polarity. In addition, its complexation energy with K+ is very
small in liquid water.8,39,41,58 This currently makes it a choice mechanism for nano-device
technology. Cyclodextrins, for example, encoded with valinomycin’s structural features can
be plugged into the pores of large channel proteins like α-hemolysins60 to create artificial
K+/Na+ selective channels for devices intended for various purposes, including power
generation, drug delivery and dialysis.

In general, these and all previous investigations on K-channels and valinomycin together reveal
how nature has utilized different combinations of phase, coordination number, cavity size,
rigidity, and chemistry to construct widely different mechanisms for K+/Na+ selectivity. These
investigations have, however, merely uncovered what lies beneath the surface of an iceberg.
Much remains to be discovered before a comprehensive picture of selective ion partitioning
mechanisms in biological systems is achieved.
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Figure 1.
Structural differences between K+ binding sites in strongly selective K-channels and
valinomycin. (a) Partial view of the x-ray structure9 of a representative K-channel, KcsA,
illustrating a K+ ion occupying the S2 site of the selectivity filter in a state of high coordination
by 8 carbonyl oxygens. (b) X-ray structure36 of valinomycin illustrating a K+ ion coordinated
by 6 carbonyl oxygens. K+ ions are drawn as green spheres and all other atoms as sticks with
oxygens in red, carbons in yellow and nitrogens in blue. Dashed lines connecting the ion and
the oxygen atoms represent coordination with K+.
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Figure 2.
Structural and energetic changes associated with increasing the coordination of K+ ions bound
to valinomycin. K+ ions complexed to valinomycin are in direct coordination with 6 carbonyl
ligands. Increasing their coordination to 7 and 8 using n=1 and n=2 water molecules destabilizes
the K+ complex. ΔΔgn(ε) denotes this change in complexation energy, as determined from the
reaction given by equation 3. ΔΔgn(ε) are provided for two different values of ε, which are
representative of the dielectric constant of the lipid membranes. Note that calculations using
higher values of ε, such as ε=80, also result in a greater stability of the 6-fold coordination.
RMSDn reflects the change in the backbone structure of K+ bound valinomycin due to
complexation by n water molecules.
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Figure 3.
Optimized (DFT/B3LYP) structures of Na+ and K+ complexes of valinomycin. Average ion-
oxygen distances are indicated in Ångström units. Average angles formed between the ion and
the carbonyl ligands (I+-O-C) are also shown.

Varma et al. Page 15

J Mol Biol. Author manuscript; available in PMC 2009 February 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Structural and energetic effects of turning off the six intra-molecular hydrogen bonds in
valinomycin. The hydrogen bonds, represented as dashed lines, were turned off using chemical
substitutions involving replacement of proton acceptor atoms =O with =CH2 groups. A
representative substitution is highlighted inside blue circles. QC optimization following these
substitutions resulted in a K+ complexed structure K+.mVal with a backbone atom RMSD of
0.65 Å, and a K+-O distance of 2.88 Å. In the case of Na+ complex, Na+.mVal, these
substitutions resulted in 4 of the 6 carbonyl oxygens to coordinate Na+ ions at smaller distances
of 2.33 Å, as compared to 2.64 Å in the native Na+.Val structure. The remaining two carbonyl
oxygens are at a distance of 5.12 Å from the Na+ ion. The absence of hydrogen bonds also
resulted in increasing the free energy difference between the Na+ and K+ complexes from 12.3
to 17.8 kcal/mol.
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Table 1
Computed (DFT/B3LYP) structural and thermo-chemical properties of 6-fold ion-oxygen clusters in gas phase. Ion-oxygen
distances Na+-O and K+-O are in Ångström units and ΔΔGNa+→K+ (ε = 1) are the free energy differences between the Na+ and
K+ complexes in gas phase.

Ligand Chemistry ΔΔGNa+→K+ (ε = 1) (kcal/mol) Na+-O K+-O

Valinomycin carbonyl 12.3 2.64 2.79
Formamide20 carbonyl 20.6 2.42 2.80
Glycine Dipeptide20 carbonyl 20.8 2.43 2.76
Water20 hydroxyl 18.8 2.42 2.84
Methanol hydroxyl 18.5 2.44 2.84
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