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How does overcoordination create ion selectivity?

Michael Thomas a, Dylan Jayatilaka b, Ben Corry a,⁎
a Research School of Biology, The Australian National University, Canberra, Australia
b School of Chemistry and Biochemistry, University of Western Australia, Perth, Australia
H I G H L I G H T S G R A P H I C A L A B S T R A C T
► We describe how ion selectivity can
arise by ‘overcoordination’.

► There is a point at which the ligands
form a ‘full’ shell around an ion.

► This happens with a lower number of
ligands for smaller ions.

► Beyond this, adding ligands signifi-
cantly changes the positions of all
the ligands.

► Selectivity arises when this point has
been reached for one ion but not
another.
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Some biological molecules can distinguish between ions of similar nature, which may be achieved by
enforcing specific coordination numbers on ions in the binding site. It is suggested that when this number
is favourable for one ion type, but too large for another, this creates ion selectivity through the proposed
mechanism of ‘overcoordination’. Much debate has occurred about the role overcoordination plays, and
suggestions made as to how molecules can enforce particular coordination numbers, but there has not
been an examination of the microscopic underpinning of ion selectivity by overcoordination. Here we use
molecular-dynamics to systematically investigate how the number of ligands affects the ion–ligand and
ligand–ligand interaction energies, and thus the thermodynamic ion selectivity, of a combination of model
systems: three ions (Li+/Na+/K+) with three different ligands (water/formaldehyde/formamide). We find
that the ligand–ligand repulsion controls the changes in geometry of each systemwith changing ligand number.
Ion selectivity by overcoordination is achieved as smaller ions exhibit anomalous geometrical changes with the
addition of extra ligands, whilst larger ions do not.

© 2012 Elsevier B.V. All rights reserved.
e Australian National University,
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1. Introduction

The ability of proteins to discriminate between ions is integral to
many biological processes, such as enzyme function and the regulation
of membrane potentials [1]. One well studied example of ion differ-
entiation arises in the exquisitely selective potassium ion channels.
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Fig. 1. Relative free energy values, ΔΔG(Na+,K+)=ΔGsite(Na+→K+)−ΔGBulk(Na+→K+)
of the exchange reaction between Li+ and K+ (green), Na+ and K+ (blue) and K+ and
itself (which by definition is zero), in model binding sites with varying number of
ligands, n, and bulk water. The three types of ligands that are modelled are (A) water,
(B) formaldehyde and (C) formamide. A positive value indicates that K+ is preferred
over the other ion in the model site.
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These channels display up to a 1000 fold preference for K+ over Na+

[2–5], despite the fact that the two ions are both spherical in nature,
have the same charge and differ in atomic radii by only 0.38 Å.
Whilst a range of mechanisms have been put forward to explain se-
lectivity in potassium channels, including the snug-fit hypothesis
[6–10], the chemical nature of the coordinating ligands [11–17]
and the more recent kinetic hypothesis based on different binding
sites for Na+ and K+ [18–20], a number of studies suggest that
‘overcoordination’ plays a role in ion discrimination in the potassium
channel KcsA [16,17,21–31]. Overcoordination arises when the
chemical environment enforces a large coordination number on
ions in a binding site that is thermodynamically less favourable for
one ion than another.

A number of studies have addressed two key questions about ion
selectivity by overcoordination:

1. How important is overcoordination in establishing ion selectivity
in a particular molecule [17,21,22,25,28–30]? This question has
been extensively investigated in regard to selectivity in K+ channels;
if selectivity is achieved via a thermodynamic mechanism (and not a
kinetic mechanism as suggested by some recent studies [18–20]),
the literature seems to point to overcoordination playing an impor-
tant role.

2. Bywhatmeans are thesemolecules able to enforce a particular co-
ordination number? Here the focus is on mechanisms that can
constrain the position of the coordinating ligands. An example of
this is the hydrogen bonding networks present in K+ channels
that could act as a radial spring on the coordinating ligands, thus
enforcing a large coordination number [10]. Also, it has been
suggested that the lack of hydrogen bond donors keeps the car-
bonyl oxygens that line the selectivity filter in K+ channels free
to coordinate the permeating ions [27].

In contrast to these questions that have been much studied in the
literature, a third key issue relating to ion selectivity by overcoordination
has received surprisingly little attention:

3. Through what physical means does enforcing a coordination num-
ber create ion selectivity? Whilst it is known that a large number
of coordinating ligands produce more favourable interactions for
larger ions than smaller, what physical phenomena give rise to
this? Perhaps the explanation is obvious, but to the best of our
knowledge this issue has not been addressed head on and system-
atically studied.

In this study, we do not attempt to answer thefirst and second ques-
tions, but instead focus on the third question: determining the micro-
scopic basis of the concept of ion selectivity by overcoordination.

Studies conducted by Noskov et al. [13,14] investigated the interplay
of ion–ligand and ligand–ligand interactions in search of the cause of se-
lectivity in potassium ion channels. It was concluded that the geometry
of the ion binding site is governed by the ion–ligand interaction, whilst
the ligand–ligand interaction influences ion selectivity [13] and that
these “can be directlymodulated by the number and the type of ligands
involved in ion coordination” [14]. However, what we wish to study is
how these interactions and ion selectivity vary with the number of li-
gands coordinating to an ion, not how a particular binding site achieves
selectivity.

The aim of this study is not to reproduce the properties of any
particular binding site, but to use simplistic systems to investigate
in principle how coordination numbers can influence ion selectivity.
As coordination does influence selectivity in these models, we can
examine why this is the case. Some of these factors may play a role
in biological systems. We employ three simple ligands to examine
the effect of the chemical nature of the binding site, but do not ex-
plicitly include structural or environmental factors that are likely to
be at play in a real ion binding molecule.
Themethods employed in this study are classical molecular dynam-
ics techniques utilising a non-polarisable force field [32], which has
been shown to produce ion partitioning between bulk liquids, such as
formaldehyde and water [17], and N-methylacetamide and water [13].
Ion selectivity by overcoordination is readily apparent from the simula-
tions conducted here, in addition to similar simulations in previous
work [17,21]. More detailed investigations (such as those employing
polarisable force fields or quantum mechanical calculations) may illu-
minate additional effects not captured here. However, given that ion se-
lectivity is apparent in our classical model, we can understand the
mechanisms that lead to selectivity in this situation.

To investigate why overcoordination creates selectivity, free energy
perturbation (FEP) MD simulations were conducted on a series of
model systems. These consisted of either n water, formaldehyde or
formamide molecules whose oxygen atoms were constrained to a
3.5 Å sphere about either Li+, Na+, and K+ (for n=1–10). This distance
represents the firstminimum in the radial distribution function of K+ in
bulk water. The constraining sphere acts to hold a number of ligands
near the ion whilst allowing the ligands to adjust their relative posi-
tions. Inside this sphere, the ligands are completely free to move
about, very different from the snug-fit mechanism where ligands are
constrained to particular positions. Strictly enforcing the coordination
number would require a different radius of constraint for each ion
type, to keep each ligand in the inner shell. However, we feel that the
use of a single radius best represents binding sites in molecules, as the
molecular scaffold that holds the ligands near the ion is the same
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regardless of ion type. The free energy change for ion exchange with
bulk water for each system was determined. As the entropic contribu-
tions to ion selectivity are known to be small in these types of systems
[14,15,33,34], a decomposition of the energy into average ion–ligand
and ligand–ligand contribution (as interaction energies) will provide
insight into the forces at play. Average ion–ligand and ligand–ligand
distances were also measured from the simulations.

2. Results and discussion

It has been previously demonstrated that constraining the coordina-
tion number of ions in a binding site can create ion selectivity
[13,14,17,21,22,27,29,30], as is shown in Fig. 1. Here the ion selectivity
obtained with each ligand type (formaldehyde, water and formamide)
is shown relative to K+ for each of the model binding sites, assuming
that each ion has to leave bulk water to enter the site. In all cases,
enforcing a large coordination number favours K+, the larger ion. The
binding sites that are the least selective for K+ over Li+ are 4-fold coor-
dination for water and formamide ligands, and 5-fold coordination for
formaldehyde ligands. For all ligand types, the binding site is least selec-
tive for K+ over Na+ when 6 ligands are present. Fig. 1 also shows that
small coordination numbers (undercoordination) also favour large ions,
but for a different reason: the inability to recoup the larger dehydration
energy of the smaller ion.

Electrostatically each ion in this study is identical in our classical
force field, thus the only difference between Na+ and K+ in the model
is the Lennard–Jones potential, which reflects ion size. The repulsion
term prohibits the K+–oxygen distance from becoming as small as the
Na+–oxygen or Li+–oxygen distance. Conversely, it allows Li+ to
adopt smaller ion–ligand distances for small numbers of ligands. We
next aim to determine how the difference in ion–ligand geometries
affects energetics and selectivity.

To understand how enforcing a particular coordination number cre-
ates ion selectivity, we follow Noskov and Roux [14] in decomposing
Fig. 2. Average ion–ligand, ligand–ligand and total interaction energies are shown for ions
formamide (G, H, I).
the total energy into ion–ligand and ligand–ligand interactions as
shown in Fig. 2, plotted as the coordination number n is increased from
1 to 10. As one would expect, the ion–ligand interaction is attractive,
which generally increases in strength as n increases. The ligand–ligand
interaction is repulsive for formaldehyde and water, whilst being at-
tractive for formamide, due to the ease of establishing hydrogen bond-
ing between ligands in this case. However, the ligands' ability to
hydrogen bond may be diminished if they linked as in a polypeptide
chain. Even though this term is attractive for formaldehyde, there is
still a strong repulsion between the oxygen atoms coordinating to the
ion. The ligand–ligand interaction energies change monotonically for
formaldehyde and formamide, whereas water increases, then de-
creases, forming a peak about n=6. The reason for this behaviour in
water is that it is more energetically favourable for the water ligands
to begin forming a second solvation shell within the 3.5 Å constraint
for n≥6 than it is to add an additional ligand into the first solvation
shell (see Fig. S1).

A more informative analysis of the interaction results if we plot
the change in each energy component when an additional ligand is
added to the site (effectively a derivative of Fig. 2). Fig. 3 shows this
difference in energy, ΔE=En−En−1, from which two features are ap-
parent. Firstly, the change in ligand-ligand interaction arising from
adding an additional ligand peaks when the systems reach the 5th
or 6th ligand (depending on the system in question). Secondly, and
more important, is the sharp increase in the ΔE for the ion–ligand in-
teraction seen for Li+ and to a smaller extent Na+ compared to that of
K+ at specific ligand numbers. For example, in Fig. 3D, the addition of
the 5th and 7th formaldehyde ligands for Li+ and the 7th ligand for
Na+ dramatically decreases the rate at which this interaction
stabilises the coordination system. This anomalous change in the
ion–ligand interaction leads to a similar change in the total energy
(Fig. 3F for example) found when adding an extra ligand to the sys-
tem. Analogous situations arise for water and formamide. The major
contribution to changes to the relative energies of the ion/ligand
(Li+ (green), Na+ (blue) and K+ (red)) in water (A, B, C), formaldehyde (D, E, F) and
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Fig. 3. Change in average energies, ΔE=En−En−1, for ion–ligand, ligand–ligand and total interactions are shown for ions (Li+ (green), Na+ (blue) and K+ (red)) in water (A, B, C),
formaldehyde (D, E, F) and formamide (G, H, I).
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systems when n changes from 4 to 8 originates from these sharp
changes in the ion–ligand interaction energy at n=5 and n=7.

What is happening at these specific coordination numbers to
cause the ion–ligand interaction energy to change in this way?
Fig. 4. Changes in average ion–ligand distance, Δr=rn−rn−1 for Li+ (green), Na+ (blue)
average ligand–ligand distance for Li+, Na+ and K+ with (B) water, (D) formaldehyde and
Fig. 4A, C and E plots the change in the average ion–oxygen distance
with an increase in coordination number, Δr, against the coordination
number for each ion and each ligand type. Marked differences be-
tween the results for the three ions can be seen. For each ligand
and K+ (red) with (A) water, (C) formaldehyde and (E) formamide. Changes in the
(F) formamide.
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Fig. 5. (A) A comparison of the probability density maps of the oxygen positions about
Na+ with 6 (light blue) and 7 (dark blue) formaldehyde ligands. One dark blue region
is obscured by the ion. (B) The same comparison for the 6 ligands (pink) and 7 ligands
(red) around K+. A large difference in the ion–ligand distance and ligand position is
apparent for Na+, but not for K+. Before calculating each probability map, each
frame is aligned to the average set of coordinates.
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type, r always increases the slowest and smoothest with respect to n
for K+ meaning that the ligands show a gradual and smooth adjust-
ment to the addition of each additional ligand. In contrast, the plots
for Li+ and Na+ show significant jumps in the rate of increase. For ex-
ample, for formaldehyde coordinating to Li+ and Na+ there are peaks
at n=5 and 7, and n=7 respectively. In general, as the number of coor-
dinating ligands increases, so too does the ion–ligand distance. Howev-
er, Li+ and Na+ exhibit dramatic increases with the addition of
particular ligand numbers. The sudden changes noted in the ion–ligand
interaction energy are associated with these changes in the average
ion–oxygen distance.

What causes the average ion–ligand distance to change with li-
gand number? Our results show that every time a ligand is added
the size of the coordination sphere must increase to accommodate
this next ligand, as is to be expected (Fig. 4). However, these results
also show that this size change is not uniform, and the addition of cer-
tain ligands has a much greater effect of the size of the coordination
shell than others. We believe that the reason for this is that there
comes a point at which the ligands form a ‘full’ shell around the ion,
and another ligand cannot be added without significantly adjusting
the positions of all the ligands due to the ligand–ligand repulsion. Ob-
viously this happens at a smaller ligand number for smaller ions, and
so such dramatic rearrangements in the size and geometry of the co-
ordination shell happens for Li+ with the addition of the 5th and 7th
ligands, and occur for Na+ with the addition of the 7th ligand. Pre-
sumably a similar rearrangement would occur for K+ at a larger li-
gand number. It is when these sudden changes occur that the site is
likely to become selective for the larger ions.

Fig. 5 visually supports our hypothesis. Plotted are the regions in
space about the ions where the oxygens dwell. With 6 formaldehyde
ligands about the Na+ ion, the oxygen atoms distribute in an
Fig. 6. (A) Average Li+–oxygen distance for formaldehyde clusters with 3.5 Å constraint (g
and the quadratic function used to determine the additional constraint (black). (B) The differ
the ion–ligand (dark yellow), ligand–ligand (purple) and total (black) interactions.
octahedral geometry about the ion. However, with 7 formaldehyde
ligands the positions of the oxygens change dramatically; they
move further from the ion and become more localised in the radial
direction. In contrast, the change from 6 to 7 formaldehyde ligands
has much less influence on the oxygen positions around K+ as
seen in Fig. 5B.

To reinforce our conclusion that the ligand–ligand repulsion
causes the sudden changes in geometry noted earlier, we examine
what would happen if we prevent these sudden geometrical changes
from occurring. To do this we impose an additional distance constraint
that allows for a gradual increase in the Li+–ligand distance with
increasing ligand number, but prevents the sudden jumps as shown
in Fig. 6A. In this case, once n>6 the total interaction energy of the sys-
tem starts to become less favourable than in the unconstrained case as
seen in Fig. 6B. This is a consequence of the ligand–ligand repulsion
increasing more quickly than the ion–ligand attraction, highlighting
that this ligand–ligand repulsion drives the geometrical change in the
unconstrained system.
3. Conclusion

Ion selectivity by overcoordination is likely to arise at or above
ligand numbers that require sudden rearrangements in geometry
necessary to accommodate the smaller ions. This is realised through
the interplay of the ion–ligand and ligand–ligand interactions as the
number of coordinating ligands changes. This investigation differs
frompreviouswork [13,14,35] as it elucidates throughwhatmechanism
this interplay of interactions leads to selectivity by overcoordination,
rather than simply stating that it does. This work also does not
attempt to answer the questions of the role of overcoordination in
particular molecules, or howmolecules are able to enforce the neces-
sary conditions for overcoordination to arise (questions 1 and 2 in
the Introduction), as it is the question of how enforcing a coordina-
tion number gives rise to ion selectivity that we wish to elucidate
and clarify.

Anomalous changes in coordination geometries upon the addi-
tion of extra ligands are displayed for smaller ions (Li+ and Na+),
but not for larger ions K+. The coordination systems reach a point
where another ligand cannot be added without changing the posi-
tions of all the ligands, as there is already a ‘full’ shell of ligands
around the ion. The discrepancy between ion types as to when
these shells are ‘full’ results in ion selectivity by overcoordination
at or above certain ligand numbers; typically upon the addition of
the 5th and 7th ligands. This situation arises in each of the three
types of ligands investigated in this study, although some ligand
specific subtleties do arise (the propensity to hydrogen bond for
example). As we have used classical molecular dynamics simulations
to understandwhy constraining ion coordination numbers yields ion
selectivity, it is possible that more detailed investigations (using
reen), with the additional constraint that prevents sudden geometrical changes (pink)
ences in energy between the 3.5 Å constrained and additionally constrained clusters for
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polarisable force fields or quantum mechanical calculations for
example) may elucidate additional effects.

4. Methods

Free energy perturbation calculations were conducted within mo-
lecular dynamics simulations using model systems consisting of an
ion surrounded by n water, formaldehyde or formamide molecules
constrained to a 3.5 Å sphere centred on the ion using a steep-walled,
flat-bottomed, one sided harmonic potential. The constraint in the addi-
tional constraint model systems that prevent the anomalous geometri-
cal changes was determined for each n by fitting a quadratic function to
n=1–4. The partial charges of the formaldehyde atoms are: carbon
+0.5, oxygen −0.5 and hydrogen 0.0. Water and formamide are
unchanged from the CHARMM27 force field.

Ions were morphed from K+ to Na+ and K+ to Li+ over 20 λ win-
dows of equal size run for 2 ns each (including 1 ns of equilibration), to-
talling 40 ns for each model system. Interaction energy and distance
data were calculated by averaging the 20,000 equally-spaced samples
from the first and last λ window of each simulation. The standard
error involved in the distances is at most 0.07 Å. Uncertainty in ΔG, E
and r of the model systems was estimated by conducting four forward
and four reverse morphs (Na+→K+) of n=1, 5 and 10 formaldehyde
systems. The standard error in the mean is below 0.005 kcal/mol for
ΔG, 0.12 kcal/mol for E and 0.012 Å for r. The error of ΔΔG is estimated
to be 0.38 kcal/mol.

The exchange reaction free energies shown in Fig. 1 include relative
free energies for Li+/K+ and Na+/K+ compared to bulk water. These
were calculated as dehydration free energies for each ion by Joung
and Cheatham [36].

Each simulation was conducted using NAMD [37] utilising the
CHARMM27 [38] force field. The ion parameters are from Joung and
Cheatham [36]. NAMD and in-house Fortan90 programmes were
used for extracting energy and distance information. All simulations
were simulated in a non-periodic toy system with no pressure or vol-
ume control, besides the 3.5 Å steep-walled, flat-bottomed, one sided
harmonic potential at a temperature of 310 K with 1 fs timesteps.

Fig. 5 was created using the VolMap tool in VMD [39]. Before this,
each frame was aligned to the average position of the oxygen atoms
using the RMSD trajectory tool in VMD.
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