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Additional simulation methods

The CHARMM program (1) was used for all molecular dynamics (MD) simulations with the
CHARMM27 (C27) force field for lipids (2), proteins (3), TIP3P water (4) and ions (5). All non-
polarizable simulations employed a 2 fs time step, whereas a 1 fs time step was used for polarizable
models. Coordinates were saved every 100 time steps for analysis. Bonds to H atoms were constrained
using SHAKE (6). Non-polarizable MD simulations used the leapfrog integrator (7), with Nose-
Hoover thermostat (8) and Langevin piston method for pressure coupling (9). A classical Drude
oscillator model (10, 11) was used in which Drude positions were adjusted self-consistently in the
electric field of other atoms or propagated in MD simulations via an extended Lagrangian formalism
through the assignment of a small mass (0.4 amu) at low temperature (1 K) using a separate
thermostat. (11) The new velocity Verlet integrator (11), Nose-Hoover thermostat (8) and modified
Hoover-Anderson barostat (11, 12) were employed for polarizable simulations. Lipid bilayer systems
were simulated at 330 K in the NP,AT ensemble using a constant pressure of 1 atm, parallel to the
bilayer normal. The lateral box dimensions were based on the experimental area per lipid of ~64 A? for
DPPC (13) and ~60 A* for DMPC(14), accounting for solute or peptide volume.

In all MD simulations, periodic boundary conditions (PBC) were imposed. Electrostatic
interactions were calculated using particle-mesh Ewald (PME) summation (15), with a coupling
parameter 0.34 and 6-th order spline for mesh interpolation. For systems carrying a net charge,
corresponding energy and pressure corrections were applied (16). Non-bond pair lists were maintained
out to 16 A, and a real space cutoff of 10 A was used via an atom-based energy shift algorithm (17).
The effect of cutoff scheme has no substantial differences in bilayer properties (18).

Continuum electrostatics calculations were performed using the PBEQ module of CHARMM.
These calculations were performed for methyl-guanidinium (MGuanH"), valinomycin (VM) and
gramicidin A (gA) models. In continuum membrane calculations the MGuanH" was placed at various
positions, with the center of mass spanning the membrane, and Poisson's equation was solved. The
membrane was assigned a 25 A-thick core of dielectric constant 2 (as it would be with the polarizable
MD force field) or 1 (non-polarizable case), while interfacial regions were assigned an aqueous
dielectric constant of 80. The system was placed in a large box of dimensions 50x50x100 A. The grid
size 0.5 A was used, with results found to be invariant to 0.10 A changes. Dielectric constants were
assigned with a water-sized reentrant probe after assigning Born radii (19, 20). For MGuanH" atoms
completely inside the membrane core (with |z/<10 A), a methylene-sized probe and scaled Lennard-
Jones radii were used. In the absence of the contribution from a peptide’s charge distribution, the
dielectric response of the protein can be approximated by an implicit dielectric constant, €,. The choice
of €, depends on the specific protein environment as well as model parameters, making it a fairly
ambiguous parameter. A range of €, from 1 to 5 was explored for MGuanH", as in the previous work
(21). For VM and gA models, the approximate value of ¢, was determined from MD simulations using
either induced polarization or peptide dipole fluctuations for a spherical or ellipsoidal geometry, as
detailed below.



For VM and gA continuum electrostatics calculations with Poisson-Boltzmann solver in PBEQ
module of CHARMM were used to calculate the effect of the peptide dielectric constant €, on the
electrostatic potential across the membrane with peptide charges turned off. A reduced set of MD
trajectory frames has been used (1500 for VM and 100 for gA). Periodic boundary conditions were
used for VM calculations (with those in Xy plane suppressed) whereas explicit first-shell image atoms
in all directions were used for gA system (resulting in a system of 129,900 atoms for C27 and 140,070
atoms from Drude polarizable gA simulations). A grid size of 0.5 A in all directions and bilinear
interpolation for boundary potentials were used. All charges on VM or gA and channel water were set
to 0 and a dielectric constant ¢, from 1 to 5 for VM or gA has been assigned to that region. Values of
gp, were mapped out with a water-sized reentrant probe after assigning Born radii (19, 20). For peptide
atoms completely inside the membrane core (with |z|<10 A), a methylene-sized probe was used. The
channel water for gA calculations was defined to be all water molecules with their oxygen atoms inside
a cylinder of height 25 A and radius 3 A oriented on the channel axis. The channel axis was aligned
with z axis and was defined as a vector connecting centers of mass of backbone non-hydrogen atoms
for two gA subunits. The center of mass of gA backbone non-H atoms was set at the origin. For VM,
the system was oriented (without rotation) with origin at the center of the 6 ester carbonyl oxygen
atoms (the putative K" binding site).

Estimation of valinomycin and gramicidin A dielectric constants

The dielectric constants of VM and gA were estimated by two different methods using vacuum or
existing membrane simulations. In both methods VM was assumed to have a spherical geometry, while
gA an ellipsoidal one (acknowledging these are just rough estimates for the purposes of qualitative or
semi-quantitative discussions in the main text). Additionally, in the case of gA, seven water molecules
were maintained inside the protein pore for the duration of the simulations. The first method was
based on the dipole fluctuations, which were obtained from 100 ns simulation of each peptide in
vacuum. The dielectric constant was calculated using (22):

(#)=(u) e
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where [ is the total dipole moment, V is the estimated volume of the molecule, k is Boltzmann constant

and T is temperature. For a general case, the constant A, which depends on the boundary conditions is
defined as (23)

abc 7§ ds ,
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where a, b and ¢ are the principal axes. When a=b=c, A becomes 1/3 and the expression for spherical
geometry is obtained. A was estimated to be 0.124 in the case of gA with a/b=2.4 and b and ¢ equal.
In the second method a separate 100 ns simulation was carried out with an applied electric field of 0.02
V/A in the z-direction and the expression used to evaluate € was (22)
(P,) -1
E,e, l+(s—DA’
where P, is the polarization (i.e. the dipole moment z component, u,, per unit volume) in the z
direction, E( is the applied electric field and A is defined as above (23). The results of these
calculations along with corresponding standard errors of the mean from block averaging are
summarized in Table below. The time series of &, dipole fluctuations (<p*>-<p>?), and <p, > are
shown in Figure S14 demonstrating convergence,
Protein Fluctuating  Applied
Dipole Field
VM 1.83£0.17  1.94+0.35
gA 4.00+£0.48 4.72+1.19




The estimated dielectric constant for gA obtained using fluctuating dipole method is consistent
with previous experimental estimate of the dielectric constant of 4 for this peptide (24). For VM the
fluctuating dipole estimate from simulations in vacuum is very similar to that obtained from MD
simulations of VM constrained at the bilayer center using fully atomistic C27 simulations (described in
the main text) and the same methodology to estimate €. Therefore peptide dielectric constants of 2 and
4 were used as the best estimates for C27 gA and VM models noting, however, some ambiguities in
the definition of protein dielectric constant (25). Note also that these values are likely to be different
(higher) when using polarizable models for these peptides.

Size correction for gA channel PMF calculation with polarizable membrane

A free energy cycle (Scheme S1), similar to that used in ref. (26) but for a polarizable membrane,
was created in order to estimate a size correction for the MD simulation of gA using C27+pol2 model.
The corrected PMF for ion permeation through gA was used in calculations of channel flux and
equilibrium dissociation constant, Kp, using the same methods as in (26). The calculated value of Kp
is 0.077 M, which is in excellent agreement with the experimental result of 0.07 M (26). The
maximum conductance of gA, which is governed by corrected PMF, was evaluated using a 1D single-
ion Nernst Planck theory of Levitt ((26) and references therein) and the value was found to be 1.9 pS,
slightly lower than the experimental value of 21 pS (27).
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Scheme S1. Free energy cycle illustrating the size correction calculation when the PMF was obtained
using finite system size. The gA channel is shown in yellow, high dielectric (¢=80) bulk water in blue
and hydrocarbon in grey.
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Supporting Material Tables

Table S1. Electrostatic parameters of lipid models

Lipid tail parameters C27 Drude
C27+poll | C27+pol2
g(C) in CH, -0.270 -0.177 -0.270
g(C) in CH, -0.180 -0.156 -0.180
g(H) in CH, 0.090 0.059 0.090
g(H) in CH, 0.090 0.078 0.090
a(C) in CH, 2.051 2.051
a(C) in CH, 1.660] 1.660
q(C22,C32) -0.080] -0.056 -0.080
lipid polarizable atoms none]C22-C216 |C23-C216
C32-C316 |C33-C316

q are partial atomic charges in units of e; o are atomic polarizabilities in A®. Standard
C27 parameters were used for other lipid atoms in all models. Atoms C22 and C32 are
the first carbon atoms of lipid tails (ones adjacent to carbonyl C) for sn-2 and sn-1 chains,
respectively (while C216 and C316 are the last C atoms).

Table S2. Properties of the perturbed lipid bilayer with water defects at the center.

Rsph <c> <z> <d pp> <d cc> <U cons>

0 11.63 £ 1.49] 83.57/+ 0.02] 39.12|& 0.08] 29.75/&= 0.06] 0.01 £ 0.00
2 14.11 £ 1.48] 83.55/+ 0.02] 39.16/= 0.07} 29.81/= 0.05] 0.15+ 0.00
3 14.67 £ 0.65] 83.59/+ 0.02] 39.29/= 0.06] 2991+ 0.04] 028+ 0.02
4 12.89 £ 1.10] 83.47/+ 0.02] 39.46/= 0.03] 29.98/+ 0.03] 048+ 0.03
5 13.59 +| 0.71] 83.27/ £ 0.04] 39.61+ 0.07] 3026+ 007} 129+ 0.11
6 11.39 £ 1.04] 82.89/+ 0.01] 39.50/= 0.16] 30.54/+ 0.10] 2.07+ 0.07
7 1.78 £ 2.29] 82.47/£ 0.08] 39.59/= 0.10] 30.78/= 0.08] 2.83+ 0.13
8 248 £ 1.20] 81.88/+ 0.01} 39.77/+ 0.11] 3141+ 0.05 3.78+ 0.02
9 -3.79 £ 1.28] 81.33 £ 0.02] 39.68 £ 0.32] 31.51+ 0.23] 481/ | 0.12
10 -4.96 + 1.30] 80.56 +| 0.04f 4021+ 0.10] 3198+ 0.10] 6.17/&=| 0.07

Rsph — radius of the water sphere in A; <o> - average surface tension in dyn/cm; <z>-
average height of simulation box in A; <dpp> - average bilayer thickness in A measured as

average distance between P atom vertical positions in 2 leaflets;

<dcc> - average bilayer

thickness in A, measured as average distance between carbonyl C atom vertical positions

in 2 leaflets; <U,,,s> - average energy of constraint (in kcal/mol) holding a water sphere
Uncertainties were determined as standard errors of the mean from

at the bilayer center.
block averaging.



Table S3. Average number of polar species inside the hydrophobic membrane core from the
perturbed lipid bilayer simulations with water defects at the center.

+

Rsph water O K Cl lipid P lipid N
constr  aver| min max| | aver min max| aver min max| aver min max| aver minmax
0 0 75 0 28] 000 O 0]/000 O O 001 O 2004 0 2
2 1 95 1 31} 000 O 1]/0.00 O Of 0.04 0 2 0.03 0 2
3 4 11.7 4 32| 000 O 1]/0.00 O 1} 001 0 2000 0 2
4 9 179 9 40f 000 O 1} 000 0 o0} 0.01 0 1] 000 0 2
5 18 41.2 23/ 78 000 0 1] 0.00 O O] 050 0 4 0.31 0 3
6 30 724 49 104 000 O 11003 O 1} 165 0 o6|/1.19 0 4
7 48 108.5 72 152 0.17 O 2| O.11) O 2] 222 O 7] 156 0 5
8 72 152.7/ 115 1971 /10.04 0 2] 004 O 1| 269 0 7| 216 0 6
9 102 1934 158 242 0.74 0 3] /0.14 0O 1} 417 0 9] 3.05 0 8
10 140 244.7 210 286] 0.81 O 3] 0.15 0 2| 349 0 8 233 0 6

Rsph — radius of the water sphere in A. The hydrophobic membrane core was defined as |z|< 13 A
with respect to the bilayer center of mass. Maximum (max), minimum (min) and average (aver)
numbers of the corresponding species refer to those from all analyzed data

Table S4. Maximum extent of penetration of some polar species to
the hydrophobic membrane core from perturbed lipid bilayer
simulations with water defect at the center.

Rsph lipid P K’ cr

aver min max| aver mn max| aver mn max|
0
2 151 94 17.8] 20.1 12.6 28.1] 229 14.8 29.6
3 152 11.5 17.7) 19.3 12.3 28.0] 23.1 12.0 29.7
4 154 106 17.8] 19.8 12.0 27.5| 23.2 13.6 29.5
5 126 4.1 179 20.3 12.7 279] 23.1 15.0 29.7
6 9.5 3.1 159 20.1 11.2) 29.5] 22.8 3.8 29.7
7 93 4.0 17.4] 178 0.0, 28.3] 20.5 0.0 29.0
8 9.3 32 15.3] 197 0.0, 27.3] 22.0 0.0 304
9 89 33 144 11.3 0.0 272] 192 0.0 29.5
10 9.7 42 13.8] 9.2 0.0/ 25.3] 194 0.0 30.1

Rsph — radius of the water sphere in A. All positions are in A
relative the bilayer center of mass and were determined for each
analyzed frame of the simulation. Maximum (max), minimum
(min) and average (aver) positions of the corresponding atoms
refer to those from all analyzed data.
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Figure S1. Comparison of total PMF (black and gray curves) and remainder terms (with polar
components inside the membrane removed, see text) from non-polarizable C27 (solid curves) and
Drude polarizable lipid tail C27+poll (dashed curves) all-atom MD simulations for a MGuanH* ion
across a DPPC bilayer, with energy profiles from continuum membrane calculation models using
membrane dielectric constant €,,=1 (solid curves) or £,=2 (dashed curves) and 2 values of MGuanH~*
dielectric constant, €,. In panel (B) continuum membrane estimates were corrected for dipole potential
contributions for C27 (for €,=1) or C27+poll (for £,,=2 ) models.



20 ¢ f'ﬁi

.5 cz7“'*

10l Drude \
; /

X Water O

T U 1] iﬂ

{ Phosphate O

0l .a = |
20 ————

Lj_lpld tails
o [T . !

.h._:\?" i .

gy, keal/mol € Solvation number @ Free energy, kcal/mol 3

THELLIEY

Inter. ener

zZ(MGuanH*), A

Figure S2. Free energy profiles (A), solvation numbers (B) and interaction energies (C) from all-atom
MD simulations for MGuanH* across a DPPC bilayer. In panels (B) and (C) solid lines are for C27,
dashed and dotted are for C27+poll runs 1 and 2, respectively. In run 1 pre-equilibrated structures
from non-polarizable simulations were used, whereas structures with no membrane deformation
present were used as starting points for run 2. See ref. (21) for more information. All profiles have
been symmetrized. Free energy profiles from C27+poll were referenced to those for C27 at
|z(MGuanH*)|=13 A. Solvation numbers represent the number of water, phosphate or carbonyl O
atoms within 4.85, 4.55 or 5.00 A of the guanidine C atom. Interaction energies in panel C have been
calculated as energy differences and corrected for PME net charge artifacts (16). Error bars represent
standard errors of the mean from block averaging.
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Figure S3. Number of polar species in membrane core defined as |z|<13A (A), interaction energies of
MGuanH* with core membrane components (B) and free energy contributions to the total PMF (black
and gray lines) from those core membrane components for MGuanH+* across a DPPC bilayer. Solid
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errors of the mean from block averaging.
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Figure S4. Electrostatic potential profiles for unperturbed DPPC bilayers using the PMEPOT module
(28) of VMD (29). The effect of charge density smearing parameter k on 1D potential profiles is
shown for C27 (A) and C27+poll (B) models. The dipole potentials with no smearing (black curves)
were obtained through the double integration of charged density (30). 2D potential profiles, as a
function of z and the radial distance r from the z axis, are shown for C27 (C) and C27+poll (D) models
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Figure S5. Electrostatic potential maps for DPPC bilayers with spherical voids of different radius,
Rgpn, (shown as white labels) from C27 simulations. These maps show the variation of the potential, ¢
(in mV, see color bars on the right), with z and the distance r from z axis. All potential maps are
referenced to bulk aqueous solution and obtained using PMEPOT with smearing parameter 0.34 A",
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Figure S7. Potential profiles along the z axis for DPPC bilayers with hydrophobic (spherical voids,
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Figure S8. Electrostatic potentials for DPPC bilayers with water-filled spherical cavities of different
radius, Rgpn (shown as white labels), from C27 simulations. The 2D maps show the variation of the
potential, ¢ (in mV, see color bars on the right), with z and the distance r from z axis. All maps are
referenced to bulk aqueous solution and obtained using PMEPOT with 0.34 A™. Note that for defects
of radii 3-4 A, where no substantial bilayer perturbation was observed, the effect on the potential is
modest and localized to the membrane center where a drop from ~900 to ~600 mV occurs (see also
Fig. S7B). This is partly associated with the formation of a water—hydrocarbon interface (~100 mV),
but also due to the absence of a ~200 mV rise that would be seen without the defect (due to decreased
hydrocarbon density at the bilayer center, see e.g. Fig. S4A).
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Figure S9. 2D electrostatic potential maps along z axis and distance r from z axis for different
positions of MGuanH*, <z(ion)> (shown as white labels), across a DPPC bilayer from C27 and
C27+poll simulations. Profiles were calculated using PMEPOT with «=0.34 A’'. Electrostatic
potential values (in mV, see color bars on the right) are referenced to bulk aqueous solution. The
average positions of MGuanH* guanidine C atom and its closest DPPC P and N atoms are shown as
white asterisk, circle and triangle, respectively. Note that MGuanH* contribution to the potential is
present in these maps.
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Figure S10. 1D electrostatic potential profiles along the z axis for MGuanH* transfer for several
positions, <z(ion)>, across a DPPC bilayer from C27 (top and central panels) and C27+poll (bottom
panels) simulations. Profiles were calculated for (X,y) passing through the average position (indicated
on the curves) of the MGuanH* guanidine C atom (blue curve, asterisk), its closest phosphate P atom
(red curve, circle) and N atom (green curve, triangle). Profiles were calculated using PMEPOT with
«=0.34 A and referenced to bulk aqueous solution. The RMS errors determined from block analysis
are 22 — 45 mV. Note that MGuanH* contribution to the potential is present in those profiles. Potential

profiles for unperturbed bilayers are shown as black lines.
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Figure S11. 1D potential profiles along the z axis for valinomycin (VM) constrained near the center
of a DPPC bilayer from C27 simulations. Profiles were calculated using PMEPOT with zeroed VM
charge contribution, using several values of k and referenced to bulk aqueous solution (solid curves on
panel A). The RMS error from block analysis for potential profile corresponding to k=0.34 A™ is 51
mV. Potential profiles were also obtained with the same charge distribution using the PBEQ module
of CHARMM and assigning different values of dielectric constant for protein atoms, €, (dotted curves
on panels A and B). The dipole potential profiles for the unperturbed DPPC bilayer are shown as
black curves. PBEQ profile for €, = 1 was referenced to PMEPOT profiles (A) at the average position
of VM center (vertical blue line, defined as center of geometry of six ester carbonyl oxygen atoms).
Profiles for €,>1 are matched to that for €, = 1 in bulk water (B).
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Figure S12. Snapshots (with superimposed averaged potential slices) and axially averaged 2D
electrostatic potential maps for gramicidin A (gA) in a DMPC bilayer using non-polarizable C27 (top
panels) and Drude polarizable C27+pol2 models (bottom panels). Potential maps in left and middle
panels were calculated using all atom contributions and those in the right panels with the channel (gA
and channel water) contribution excluded using PMEPOT with smearing factor ¥=0.34 A" and
referenced to bulk aqueous solution. Note that new C27 tryptophan parameters (31) have been used for
C27 gA simulations presented here.
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Figure S13. 1D potential profiles along the z axis for gramicidin A (gA) in a DMPC bilayer using non-
polarizable C27 (solid curves) and Drude polarizable C27+pol2 models (dashed curves). Profiles in
panels A and B were calculated with all atom contributions (A) or with the channel (gA and channel
water) contribution excluded (B), using PMEPOT and several values of k, referenced to bulk aqueous
solution. The RMS errors for potential profiles corresponding to k=0.34 A™ determined from block
analysis are 11-16 mV for C27 and 16-50 mV for C27+pol2 models. Relative potentials, A, are
plotted along the channel axis (aligned with the z axis) in panel C for different values of the channel
dielectric constant, €, relative to that for ¢,=1 (calculated using PBEQ).
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Figure S14. Time series of valinomycin (VM) and gramicidin A (gA) dielectric constant & (panel A)
estimated from calculations in vacuum as described in the Supporting Material text. Time series of
dipole moment fluctuations, (<pu”*>—<p>?), and the dipole moment component along the electric field
direction, <u, >, which were used for & estimation, are shown in panels B and C.
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