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1 Ions in wide pores

It seems surprising that ions are considerably affected even
in a pore of 2 nm diameter, greater than its length of 1.6 nm,
and about five times the ionic diameter. The radially aver-
aged density from the MD simulations shows that water al-
ready behaves rather bulk like in the pore [Fig. S1(a)]. It
fills almost the whole pore volume at bulk density. Near the
pore surface the same characteristic water layers are visible
that are also seen at the slab-reservoir interface. The ionic
density, Fig. S1(b), is concentrated in the central region and
only reaches about 0.9 mol·L−1, i.e. 70% of the bulk value.
This effect is not due to insufficient sampling time as in-
vestigation of the density plots from shorter stretches of the
100 ns trajectory indicates. (About 20 ns appear to be the
minimum time necessary to obtain meaningful densities).

The effect of the surface on the ions extends noticeably
for at least 1 nm. This is also borne out by the radial dis-
tribution function g(r;Na+,Ow) (Fig. S2) from a homo-
geneous electrolyte (99 ns MD at 1 mol· L−1 NaCl con-
centration in a 4× 4× 4 nm3 simulation box,T = 300K,
P = 1 bar). The first water peak of height 7.59 is at a dis-
tance of 0.226 nm from the Na+ center but the second peak
is still notable (1.44) at 0.447 nm. The first hydration shell
of Na+ contains about 4.6 water molecules in a radius of
0.32 nm, while the second shell adds another 15.6 within
0.53 nm (by reading off the number of water molecules
N(r) within a sphere of radiusr at the minimum follow-
ing a peak ing(r) (see the inset of Fig. S2). Thus about
20 water molecules in a sphere of radius 0.53 nm are no-
ticeably influenced by a Na+ ion. On the other hand, water
layering effects near the hydrophobic surface extend over
two to three layers of water,1 influencing water 0.6 nm afar
from the surface. Taken together, this suggests a range of
the wall-ion interaction of about 1 nm, mediated through
the structure of the solvent—a effect which is clearly not

captured by the PB calculations, and which would be also
absent in Brownian dynamics simulations of the system.

2 Wall flexibility

The local flexibility of the wall of the model pores can be
adjusted by changing the harmonic spring constantk which
restrains each pore pseudo atom to its initial position (see
Section 3.1). We previously discussed thatincreasedwall
flexibility, i.e. a softer wall,decreasedthe permeability for
water molecules.1 We carried out PMF calculations for wa-
ter in theR= 0.55 nm pore for differingk. The permeation
barrier follows the very same trend as the water permeabil-
ity.1 Fig. S3 shows results for a softer and a more rigid pore
than the ones used in the main paper. The local flexibil-
ity of the wall atoms is measured by their positional root
mean square deviation (RMSD). For the standard pore with
k = k0 = 1.0×103 kJ·mol−1 ·nm−2 = 4×102 kT nm−2,
the RMSD is 0.072 nm. By increasing the local flexibil-
ity to an RMSD of 0.17 nm (k = 0.2k0) the barrier to per-
meation increases substantially from∆G‡(k = k0) = 3.2 kT
by 7.2 kT to ∆G‡(k = 0.2k0) = 10.5 kT. However, mak-
ing the pore wall twice as rigid (i.e. more crystalline, with
RMSD 0.052 nm) has a negligible effect; the barrier only
drops by 0.4 kT to ∆G‡(k = 2k0) = 2.8 kT. Even though
at present we lack a theory that relates the PMF (or at least
the barrier height) and the pore radius, length, and flexibil-
ity the simulations do show that the PMF reflects the pro-
found influence that local flexibility can have on permeation
properties of water molecules. Because ion permeation in
hydrophobic pores requires the ion’s water environment to
be stable in the pore (see the main paper), we anticipate an
even stronger effect on the ion PMF for softer pores. Calcu-
lations are planned to address this question in more detail.
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Figure S1: Radially averaged densityn(r,z) in a hydrophobic
pore with radiusR = 1.0 nm. The color scale indicates the lo-
cal concentration in mol·L−1 for Na+ or units of the bulk density
of SPC watern0 = 1.0 g·cm−3 atT = 300 K andP = 1 bar. (The
figures were mirrored on the pore axis to create the impression of
a full pore; they were created withXFARBE3)

3 Methods

3.1 Pore model

The pore models were constructed as described previously.2

Briefly, they consist of concentric rings of methane-like
pseudo-atoms of van der Waals radius 0.195 nm. These
are held in their equilibrium position by harmonic restraints
with spring constantk0 = 1000 kJ·mol−1 ·nm−2, resulting
in average positional RMSDs of 0.072 nm, which is similar
to the root mean square fluctuations of backbone atoms of
about 0.1 nm observed in MD simulations of ion channels.4

A pore consists of two mouth regions (length 0.4 nm, i.e.
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Figure S2: Radial distribution functiong(r), centered on Na+ in
1 M NaCl bulk solution. Broken vertical lines indicate the bound-
ary of the first and second hydration shell of a sodium ion, taken
as the minima ing(r;Na+,Ow). The inset shows the number of
particles of a given type inside a sphere of radiusr around a Na+

ion, N(r) = n0
∫ r

0dr′4πr ′2g(r ′).

one layer of pseudo-atoms, and radius 1.0 nm) at either end
of the constriction site of lengthL = 0.8 nm and radiusR
(varied between 0.15 nm and 1.0 nm). The pore is embed-
ded in a membrane mimetic, a slab of pseudo-atoms held on
a cubic lattice with unit cell length 0.39 nm with harmonic
springs of strengthk0.

3.2 Molecular dynamics

MD simulations were performed withGROMACS version
3.2.15 and the SPC water model.6 The Lennard-Jones pa-
rameters for the interaction between a methane-like pseudo-
atom and the water oxygen areεCO = 0.906493 kJ·mol−1

andσCO = 0.342692 nm; parameters for sodium and chlo-
ride ions are taken from theGROMACSforce field. The inte-
gration time step was 2 fs and coordinates were saved every
2 ps. Simulations were carried out for at least 100 ns. With
periodic boundary conditions, long range electrostatic inter-
actions were computed with a particle mesh Ewald method
(real space cutoff 1 nm, grid spacing 0.15 nm, 4th order
interpolation7) while the short range van der Waals forces
were calculated within a radius of 1 nm. The neighbor
list (radius 1 nm) was updated every 10 steps. Weak cou-
pling algorithms8 were used to simulate at constant tem-
perature (T = 300 K, time constant 0.1 ps) and pressure
(P = 1 bar, compressibility 4.5× 10−5 bar−1, time con-
stant 1 ps) with thex andy dimensions of the simulation
cell held fixed at 3.9 nm. The total thickness of the wa-
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Figure S3: PMF of a water molecule in pores of varying local
flexibility at the fixed nominal radiusR= 0.55 nm. The flexibility
of the pore wall atoms is set through the harmonic force constantk
of the restraint force. Calculations in the main paper are reported
for k = k0, with k0 = 1.0×103 kJ·mol−1 ·nm−2. The umbrella-
sampled PMF is given by the thick line; the PMF derived from the
equilibrium density is shown as a thin line of the same line style.

ter reservoir in thez-direction was 3.0 nm, ensuring bulk-
like water behaviour far from the membrane mimetic. The
initial system configuration was created by solvating the
slab-embedded pore model with water. For simulations
with ions, some water molecules were replaced with ions
to reach the target concentration. Initially there were al-
ways ions present in pores withR≥ 0.4 nm. A simulation
box measured 3.9×3.9×4.6 nm3 and contained about 1500
water molecules and 280 pseudo-atoms (and between 25 to
28 Na+ and Cl− ions each).

3.3 Potential of mean force

The PMF is related to the equilibrium densityn(r) through
the density of the reference state in the bulk far from the
poren0,

βG(r) = − ln
n(r)
n0

+βG0 (1)

(whereβ−1 = kT). The free energy of the reference state
G0 is an unknown constant. If sampling is sufficient dur-
ing the course of a MD trajectory one can directly calculate
∆G(z) = G(z)−G0 from the equilibrium densityn(r) (see
Fig. S1) using Eq. (1).

Alternatively, one can bias the equilibrium distribution
of a test ion to the energetically unfavorable regions us-
ing the technique of umbrella sampling.9 We restrained
a Na+ ion or water molecule with a harmonic potential

(U(z) = k/2(z− zi)2, k = 7693 kJ·mol−1·nm−2) at subse-
quent equally spaced positionszi along thezaxis of the pore
[spacing (zi − zi−1 = 0.025 nm)]. This restricted its move-
ment to thexy-plane while still allowing diffusion into ad-
jacent windows. For each window a starting frame from
an equilibrium trajectory was selected which had the par-
ticle in question (ion or water molecule) close tozi (maxi-
mum initial deviation was 0.3 nm, 80% of initial distances
were smaller than 0.1 nm). One MD simulation of length
0.6 ns was carried out for each of the 101 windows, us-
ing the same parameters as above. The positional deviation
ξ(t) = z(t)− zi of the particle was recorded for every step
(2 fs). A correlation time

∫
dt 〈ξ(t)ξ(0)〉/〈ξ2〉 of typically

0.2 ps indicates that we actually oversampledξ.
The 101 biased distributions ofzpositions of the test par-

ticle (ion or water) were recombined and unbiased with the
Weighted Histogram Analysis Method (WHAM).10,11 The
first 0.1 ns of each window run were discarded as equili-
bration time, leaving a total of 0.5 ns per window. A toler-
ance of at least 10−5 kT was required in the self-consistent
WHAM procedure.

The PMF in the bulk and mouth region of the pore is
obtained from the equilibrium MD trajectories. Umbrella
sampled PMFs are only meaningful in regions where the
diffusion of the particle is bounded in thexy-plain, i.e. the
pore and mouth region. Final PMF profiles were assem-
bled by matching equilibrium profiles and umbrella sam-
pled profiles in the mouth region where both methods are
accurate.

For ions in pores withR≥ 0.6 nm only equilibrium MD
is necessary to collect the complete PMF; sufficient sam-
pling is achieved in 100 ns. Water PMFs could be obtained
from equilibrium MD reliably for all radii except for the
R= 0.15 nm pore but for comparison the PMF for a water
molecule in theR= 0.55 nm pore was calculated. The um-
brella sampled water PMFs were symmetrized as they ex-
hibited a small linear skew of about 1kT. The symmetrized
water PMF in theR= 0.55 nm pore is almost identical to
the one computed from the equilibrium density (Figure S4).
Although similar “hysteresis” effects have been reported12

and attributed to correlations in subsequent starting configu-
rations, their origin is not clear in our case as the starting po-
sitions in adjacent windows tend to be from different times
of the equilibrium trajectory and are therefore uncorrelated.
The WHAM procedure itself was tested with simulated in-
put based on a flat underlying PMF and a step barrier of
height 2kT. Both “PMFs” could be recovered completely
within 0.05kT of the exact result.

3.4 Poisson-Boltzmann calculations

Poisson-Boltzmann calculations were carried out with
APBS.13 The test Na+ ion was assigned a Born radius of

S3



-2 -1 0 1 2
z / nm

0

2

4

6

8

10

12

P
M

F 
 ∆

G
(z

) /
 k

T

0.15 nm
(umbrella)
0.15 nm
(equil. MD)
0.20 nm
0.30 nm
0.35 nm
0.40 nm
0.45 nm
0.50 nm
0.55 nm
(umbrella)
0.55 nm
(equil. MD)
0.60 nm
0.70 nm
1.0 nm

Figure S4: PMF profile for water. The PMF was derived from
equilibrium simulations except for theR= 0.15 nm and 0.55 nm
pore, where umbrella sampling was employed. In both cases, the
equilibrium-density derived PMF is also shown for comparison.

0.1680 nm.14 The electrostatic binding energy of the ion
was calculated at subsequent positionsz as

∆GB(z) = Gpore+ion(z)−Gion−Gpore. (2)

The radius of a (implicit) solvent molecule was set to
0.14 nm, the approximate radius of a water molecule.

Further parameters were chosen as to be consistent with
the MD simulations. The temperature was 300 K, the ionic
strength 1.3 M NaCl. The water dielectric constantεw was
63 (the value of the SPC water model15), instead of the ex-
perimental valueεw = 78.5. The dielectric constantεp of
the pore and slab material was set to 1 because in the MD
simulations the material is modeled as simple van der Waals
spheres without partial charges which can not screen any
electric field and hence are best described byεp = 1; a more
realistic value for hydrocarbons would beεp = 2.

In addition to the calculations at a concentration of
1.3 mol· L−1 NaCl we also performed the same calcula-
tions at 0 mol·L−1 NaCl and 7 mol·L−1 NaCl. The bind-
ing energy∆GB shows negligible sensitivity on to the ionic
strength. This is sensible because the test ion is the only
charge in the system. Two sets of calculations with wa-
ter dielectric coefficient at different values (63 for the SPC
water model and 78.5 as the experimental value at 300 K)
also indicated negligible sensitivity thereto. The calcula-
tions were sensitive to the grid discretization necessary to
solve the Poisson-Boltzmann equation by a finite element
scheme. Our tests on grid sizes ranging from 65 to 129 grid

points indicated that our results are converged for grids of
size 97×97×97, using a focusing scheme (final resolution
0.031 nm) and a smoothed dielectric boundary.
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