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Not lons Alone: Barriers to lon Permeation in Nanopores and Channels
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Confinement at the molecular scale strongly affects the behavior 16— _ <ab
of water and ions and can lead to effects that are not anticipated - — 015nm
from macroscopic descriptios’ One example is the exclusion ~ 14— — 320
of ions from pores that have radii much larger than the ionic redius. x 12'_ - 333 nm
Pores of molecular dimensions (radiRs< 1 nm) can be found, @ _ — 045mm
for instance, in carbon nanotubes, zeolites, and ion channel proteins. (._-]m 10- — g;gg i
We show that an electrostatic continuum approach alone does not < - ggg m
capture the essentials of ion permeation through pores in alow >, 8- — 070nm

. . . .. . . [=)] L 0.75 nm
dielectric. A more detailed atomistic approach is required that 5 — 0.80 nm
incorporates both the interaction of the water molecules with the ~ § 8~ — 9%0mm
ion (the hydration shellpnd the water-pore interaction (hydro- S 4-
phobic effects). 8 L

Earlier atomistic molecular dynamics (MD) simulatiérisdi- 2-
cated that short (length= 0.8 nm) model nanopores with a methyl- r
terminated surface would not allow the passage of ions below a 0_42

critical radiusR < 0.6 nm. Such narrow “hydrophobic” pores are

believed to form the gates in some ion chanr@is: Different Fi 1. Born energy profilesAGg(z) from the continuum electrostatic
R . . . . igure 1. B

effects must play a role in creating a barrier to ion permeation. For calculations.AGs(?) is the Born energy ar, obtained by solving the

any charged species there is a purely electrostatic “dielectric poissor-Boltzmann equation (using the APBS packdge Supporting
barrier? to transferring an ion from a high dielectric phase like Information for details). Dotted vertical lines in the inset denote the surface

water through a low dielectric membrane, genera"y referred to as of the slab, while COnt_inUOUS lines d_enote the extent of the pore with
the Born energy® An atomistic picture includes the interaction - = 0-8 M. as shown in the schematic.

z/nm

between individual water molecules and the solute and the entropic 16-

cost of accommodating the solute cavity. The energetic cost for L 0150m

stripping the hydration shell off an ion is the free energy of 14— — ggg nm

solvation. In the context of channel gating, it was hypothesized - — 0.30nm

that ion dehydration would create a barrier to ion permedfiéfii8 e 12- 8%
To address this hypothesis we look at the behavior of ions and ~ — 10__ — g‘-gg nm

water in radically simplified pore modelsi pore consists of two N L 0.70 nm

mouth regions (length 0.4 nm and radius 1.0 nm) at either end of § 8- —

the constriction site of length = 0.8 nm and varying radii 0.15 - —

nm < R < 1.0 nm. The pore is hydrophobic with the characteristics % 6-

of a methyl-terminated surface and is embedded in a membrane o r

mimetic of the same material (inset of Figure 1). We quantify the 4__

observed exclusion of ions (and water) from hydrophobic pores in o_

terms of their free energy permeation barriéG*. It is the L

maximum of the equilibrium free energy landscape as described 042 -

by the one-dimensional potential of mean f3fé8 (PMF) AG(2),
i.e., the free energy required to position a particle at subsequent

z/nm
positionsz along the pore axis. Figure 2. Atomistic PMF profileAG(2) for ion permeation through pores

First we turn to the continuum picture (Figure 1). One limiting m;h éaégt&sArégl.ggc(zigga'l%liIa\t:l?gefrro‘r;gzsélc;su gggr?ﬁ;torl'g% uﬁ'sng

case is the barrier to permeation through a low dielectric slab equilibrium MD yielded a converged density, and &6(z) = —In(2)/
without a pore. The PoisserBoltzmann calculation yields a barrier  no. For R < 0.65 nm, umbrella samplidg with the WHAM unbiasing

of 135kT (at T = 300K, 336 kJ motl?), about 81% of the hydration ~ Proceduré® was employed (see the Supporting Information).

energy of the sodium iot. This large energetic cost is considerably

lowered by translocating through an aqueous pore. For a radius ofbarrier of 7.&T, and even a pore with a diameter of 2 nm (more
R = 0.55 nm,AG’g drops to 0.2T, i.e., the barrier effectively than the total thickness of the slab) will have an appreciable effect
vanishes. Only forR < 0.4 nm is the electrostatic barrier on ion permeationAG* = 3.2 kT).

appreciable. FoR > 0.4 nm it drops below KT, ceasing to be a Figure 3 compares the barrier heights obtained from the two
barrier for all practical purposes. This is in stark contrast to the different approaches. The failure of the continuum model to describe
results from the atomistic MD simulations (Figure 2), which indicate the PMF in narrow pores is not unexpected and has been noted
that in the wideR = 0.55 nm pore an ion still has to overcome a before?* It is somewhat more surprising in the wider pores (about
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Figure 3. Comparison of the barrier heigiltG* from the electrostatic
AGg(2) and atomisticAG(2) PMF profiles. Data points indicated by filled
circles or diamonds were calculated from umbrella-sampled MD trajectories,
whereas the empty variants were directly obtained from equilibrium MD.
Empty squares were obtained from contiuum-electrostatic Poisson
Boltzmann calculations.

R > 0.6 nm) where a continuum description of the solvent
electrolyte should become feasible. Investigation of the ionic density
in the pore nevertheless shows a 0.6 nm depletion layer near th
surface and a density in tie = 1 nm pore barely reaching 70%
of the bulk value. Atomistic simulations include entropic and short-
range interaction effects in addition to long-range electrostatics,
and they also account for the granularity of the solvent, thus
allowing for density effects. The situation in the narrow pores
(R = 0.3 nm) can be interpreted in both pictures in a qualitatively
similar way. The pore is too narrow to accommodate solvent
together with the ion. In the Born picture, this corresponds to an
ion completely immersed in a low dielectric environment. The
atomistic picture describes it as the loss of the hydration shell
(perhaps apart from two water molecules in axial positions, which
can still contribute up to half of the total solvation enef®yyIin
both cases, this translates into a high energy barrierRFar0.4

nm, the ion is enveloped by a shell of high dielectric solvent at
least 0.1 nm thick. This is already enough to lower the Born energy

considerably. The continuum calculations assume that the solvent

simply exists in the pore. There is no energetic cost associated with
filling the pore with water. The PMF for water shows that the free
energy to place a water molecule at the center of the pore is
considerable (betweerk® and KT for medium-sized pores, see
Figure 3). This means it is difficult to maintain a solvent
environment in the pore that in turn could successfully hydrate and
stabilize the ion (although collective effects will reduce the barrier
to filling the pore with water somewh@t Hence, the reason for
the high barrier for ions is not so much the electrostatic contribution
of placing a charged particle at the center of an aqueous pore
through a low dielectric membrane but the inability of water to
wet (or solvate) the pore itself. Furthermore, in wider pores, which
are readily filled by water, there exists considerable midrange
ordering of the solvent induced by the ion, i.e., its hydration shell
(radius of the second shell 0.53 nm), and by the wall (about two
water layers, 0.6 nnP Combining these two ranges, we estimate
that the solvent-mediated walion interaction can extend to about

1 nm. Thus, ions will still be affected by the pore surface even if
the pore is 10 times as wide as the bare ion.

Our simulations suggest that hydrophobic pores can pose high
barriers to the permeation of ions, even when the pore radius is
considerably larger than the ionic radius. The barrier originates in
the high energetic cost for an ion to shed its first or, in wider pores,
its second hydration shell. The barrier relates to the solvation energy
for an ion/hydration shell complex in water. In the narrow selectivity
filter of the potassium channels, evolution has demonstrated how
to overcome dehydration barriers by solvating ions by carbonyl
oxygens, which seamlessly replace water molecules in the first
hydration shell? leading to a vanishing barrier for ion permeatfén.
Evolution also seems to have exploited the barrier properties of
hydrophobic pores in the control (gating) of ion channel activity.
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