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

It seems surprising that ions are considerably affected even

in a pore of 2 nm diameter, greater than its length.6frim,

and about five times the ionic diameter. The radially aver- o
aged density from the MD simulations shows that water a- Wall flexibility
ready behaves rather bulk like in the pore [Fig. S1(a)]. It

fills almost the whole pore volume at bulk density. Near thg,q |gcal flexibility of the wall of the model pores can be
pore surface the same characteristic V\_/afcer layers are Vi_sgﬁﬁjsted by changing the harmonic spring conskamtich
that are also seen at the slab-reservoir interface. The iQ@igirains each pore pseudo atom to its initial position (see
density, Fig. S1(b), is concentrgted in the central region agdtion 3.1). We previously discussed thatreasedwall
only reaches about9 mo"_'-il' I.e. 70% of the bulk value. qexipility, i.e. a softer walldecreasedhe permeability for
This effect is not due to insufficient sampling time as iRg4ter moleculed.We carried out PMF calculations for wa-
vestigation of the density plots from shorter stretches of thg iy theR = 0.55 nm pore for differing. The permeation
100 ns trajectory indicates. (About 20 ns appear to be g ier follows the very same trend as the water permeabil-
minimum time necessary to obtain meaningful denS|t|es)-rty_1 Fig. S3 shows results for a softer and a more rigid pore
The effect of the surface on the ions extends noticealthan the ones used in the main paper. The local flexibil-
for at least 1 nm. This is also borne out by the radial digy of the wall atoms is measured by their positional root
tribution functiong(r;Na*,0y) (Fig. S2) from a homo- mean square deviation (RMSD). For the standard pore with
geneous electrolyte (99 ns MD at 1 mal~! NaCl con- k=ky=1.0x 10® kJ-mol™t-nm2=4x 10? kT nm 2,
centration in a 4< 4 x 4 nn? simulation box,T = 300K, the RMSD is 0072 nm. By increasing the local flexibil-
P =1 bar). The first water peak of height5B is at a dis- ity to an RMSD of 017 nm k = 0.2kp) the barrier to per-
tance of 0226 nm from the Na center but the second peakneation increases substantially fréx@*(k = ko) = 3.2kT
is still notable (144) at 0447 nm. The first hydration shellby 7.2 kT to AG*(k = 0.2kg) = 10.5 kT. However, mak-
of Na© contains about 4 water molecules in a radius ofing the pore wall twice as rigid (i.e. more crystalline, with
0.32 nm, while the second shell adds anothe6ithin  RMSD 0052 nm) has a negligible effect; the barrier only
0.53 nm (by reading off the number of water moleculedrops by 04 kT to AG*(k = 2kg) = 2.8 kT. Even though
N(r) within a sphere of radius at the minimum follow- at present we lack a theory that relates the PMF (or at least
ing a peak ing(r) (see the inset of Fig. S2). Thus abouhe barrier height) and the pore radius, length, and flexibil-
20 water molecules in a sphere of radius®nm are no- ity the simulations do show that the PMF reflects the pro-
ticeably influenced by a Naion. On the other hand, waterfound influence that local flexibility can have on permeation
layering effects near the hydrophobic surface extend oyeoperties of water molecules. Because ion permeation in
two to three layers of watérinfluencing water 8 nm afar hydrophobic pores requires the ion’s water environment to
from the surface. Taken together, this suggests a rangdefstable in the pore (see the main paper), we anticipate an
the wall-ion interaction of about 1 nm, mediated througéven stronger effect on the ion PMF for softer pores. Calcu-
the structure of the solvent—a effect which is clearly nddtions are planned to address this question in more detail.
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0.50 Figure S2: Radial distribution functiomg(r), centered on Nain
: 1 M NacCl bulk solution. Broken vertical lines indicate the bound-
0.40 ary of the first and second hydration shell of a sodium ion, taken
as the minima irg(r;Na™,Oy). The inset shows the number of
0.30 particles of a given type inside a sphere of radi@sound a N&
ion, N(r) = ng §dr’ 4rr’2g(r").
0.20
0.10 one layer of pseudo-atoms, and radius im) at either end
of the constriction site of length = 0.8 nm and radiuf
0.05 (varied between .5 nm and 10 nm). The pore is embed-
ded in a membrane mimetic, a slab of pseudo-atoms held on
a cubic lattice with unit cell length.89 nm with harmonic
(b) Na* springs of strengtko.

Figure S1: Radially averaged densitg(r,z) in a hydrophobic 3.2 Molecular dynamics

re with radi =10nm. Th lor le indicates the lo; . . . .
pore adiusk = 1.0 1 e+C° or scale indicates the 103,y i 1ations were performed witBROMACS version
cal concentration in mdl~" for Na™ or units of the bulk density

of SPC wateny — 1.0 g-cm-3 at T — 300 K andP — 1 bar. (The 3.2.F and the SPC water mod&IThe Lennard-Jones pa-

figures were mirrored on the pore axis to create the impressior @eters for the interaction between a methane-like pseudo-

a full pore; they were created wittFARBES) atom and the water oxygen ago = 0.906493 kJmol~*
andocp = 0.342692 nm; parameters for sodium and chlo-
ride ions are taken from theromAcsforce field. The inte-

3 Methods gration time step was 2 fs and coordinates were saved every
2 ps. Simulations were carried out for at least 100 ns. With
3.1 Pore model periodic boundary conditions, long range electrostatic inter-

actions were computed with a particle mesh Ewald method
The pore models were constructed as described previduglseal space cutoff 1 nm, grid spacingl8 nm, 4th order
Briefly, they consist of concentric rings of methane-likmterpolatior) while the short range van der Waals forces
pseudo-atoms of van der Waals radius9b nm. These were calculated within a radius of 1 nm. The neighbor
are held in their equilibrium position by harmonic restraintst (radius 1 nm) was updated every 10 steps. Weak cou-
with spring constanko = 1000 kJ mol~!-nm~2, resulting pling algorithm§ were used to simulate at constant tem-
in average positional RMSDs of@/2 nm, which is similar perature T = 300 K, time constant.Q ps) and pressure
to the root mean square fluctuations of backbone atomg®f= 1 bar, compressibility % x 10~° bar!, time con-
about 01 nm observed in MD simulations of ion chann&lsstant 1 ps) with thex andy dimensions of the simulation
A pore consists of two mouth regions (lengtl#Gm, i.e. cell held fixed at 3 nm. The total thickness of the wa-
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(U(2) = k/2(z—z)?, k= 7693 kdmol~*.nm~2) at subse-
guent equally spaced positiogpslong thez axis of the pore
[spacing & — z_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) closezqmaxi-
mum initial deviation was 3 nm, 80% of initial distances
were smaller than.@ 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
&(t) = z(t) — z of the particle was recorded for every step
(2 fs). A correlation time/dt (§(t)&(0))/(&2) of typically

0.2 ps indicates that we actually oversampied

A 0 1 2 The 101 biased distributions mpositions of the test par-
ticle (ion or water) were recombined and unbiased with the
Weighted Histogram Analysis Method (WHAMY:!! The

Figure S3: PMF of a water molecule in pores of varying locafirst 0.1 ns of each window run were discarded as equili-

flexibility at the fixed nominal radiuR = 0.55 nm. The flexibility Pration time, leaving a total of.B ns per window. A toler-
of the pore wall atoms is set through the harmonic force contar@nce of at least 1® kT was required in the self-consistent

of the restraint force. Calculations in the main paper are reporddHAM procedure.

for k= ko, with kg = 1.0 x 10° kJ-mol~*-nm~2. The umbrella-  The PMF in the bulk and mouth region of the pore is
sampled PMF is given by the thick line; the PMF derived from thgbtained from the equilibrium MD trajectories. Umbrella
equilibrium density is shown as a thin line of the same line 5ty|€¥3ampled PMFs are only meaningful in regions where the
diffusion of the particle is bounded in thg-plain, i.e. the
pore and mouth region. Final PMF profiles were assem-

ter reservoir in the-direction was 3 nm, ensuring bulk- bled by matching equilibrium profiles and umbrella sam-

like water behaviour far from the membrane mimetic. Thq L :
o . . : ed profiles in the mouth region where both methods are
initial system configuration was created by solvating the

) . . accurate.
slab-embedded pore model with water. For simulations . . . I
P For ions in pores withR > 0.6 nm only equilibrium MD

with ions, some water molecules were replaced with ions ' llect th lete PME- sufficient
to reach the target concentration. Initially there were 4. hecessary 1o coflect the complete ; sufticient sam-

ways ions present in pores wild> 0.4 nm. A simulation pling is achieved in 100 ns. Water PMFs could be obtained
box measured.8 x 3.9 x 4.6 nie and ;:ontai'ned about 15Od‘rom equilibrium MD reliably for all radii except for the

water molecules and 280 pseudo-atoms (and between th: 0.15 nm pore but for comparison the PMF for a water
28 Na* and CI- ions each). 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 aboukT. The symmetrized
3.3 Potential of mean force water PMF in theR = 0.55 nm pore is almost identical to
. . . the one computed from the equilibrium density (Figure S4).
The PMF is related to the equilibrium densitir) through  aynough similar “hysteresis” effects have been repotted
the density of the reference state in the bulk far from ey atrinuted to correlations in subsequent starting configu-
poreno, rations, their origin is not clear in our case as the starting po-
BG(r) = —In n(r) +BGo (1) sitions in adjacent windows tend to be from different times
No of the equilibrium trajectory and are therefore uncorrelated.
(where~! = kT). The free energy of the reference statehe WHAM procedure itself_was tested with simulateq in-
Go is an unknown constant. If sampling is sufficient duPUt Pased on a flat underlying PMF and a step barrier of
ing the course of a MD trajectory one can directly calculaf€ight 2KT. Both “PMFs” could be recovered completely
AG(2) = G(2) — Go from the equilibrium density(r) (see Within 0.05KT of the exact result.
Fig. S1) using Eq. (1).
Alternatively, one can bias the equilibrium distribution 4 pgisson-Boltzmann calculations
of a test ion to the energetically unfavorable regions us-
ing the technique of umbrella samplifg.We restrained Poisson-Boltzmann calculations were carried out with
a Na" ion or water molecule with a harmonic potentishpBs.2® The test Na ion was assigned a Born radius of

AG(2) | kT
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b points indicated that our results are converged for grids of

12~ ___0.15nm A \ size 97x 97 x 97, using a focusing scheme (final resolution
r (umbrella) : 0.031 nm) and a smoothed dielectric boundary.
10— 0.15nm
(equil. MD)
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