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S1 Details of the equilibration steps

The system has been equilibrated for a total of 20 ns in six consecutive steps. In each step,
we gradually reduced the positional and dihedral restraining force constants (FC), in units
of kJ mol™'nm~? and kJ mol~'rad =2, respectively. The details are given below:
Step 1:
Simulation time: 125 ps
Time step: 1 fs
Positional restraint of lipid: Force constant (FC) = 1000.0
Dihedral restraint: FC = 1000.0
Step 2:
Simulation time: 125 ps
Time step: 1 fs
Positional restraint of lipid: FC = 400.0
Dihedral restrain: FC = 400.0
Step 3:
Simulation time: 500 ps
Time step: 1 fs
Positional restraint of lipid: FC = 400.0
Dihedral restraint: FC = 200.0
Step 4:
Simulation time: 500 ps
Time step: 2 fs
Positional restraint of lipid: FC = 200.0
Dihedral restrain: FC = 200.0
Step 5:
Simulation time: 500 ps

Time step: 2 fs
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Positional restraint of lipid: FC = 40.0
Dihedral restrain: FC = 100.0
Step 6:
Simulation Time: 18 ns
Time step: 2 fs
Position restraint of Lipid: None

Dihedral restrain: None
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Figure S1: The lipid tail C-H order parameter (-Scp) calculated for (a) the palmitoyl (PA)
and (b) the oleoyl (OL) chains from our Lipid17 simulation conducted in a 150 mM NaCl
solution (depicted in green). It is compared with simulation data using the OPLS-AA FF
by Piggot et al.! (in blue) and experimental data by Ferreira et al.? (in black).
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Figure S2: (a, b) The time-dependent RMSD calculated for (a) the Oleoyl lipidic chain (in
green) and (b) the palmitoyl lipidic chain (in blue) from our 100 ns trajectory, using the
VMD RMSD trajectory tools with the initial frame as a reference. (c, d) The total energy
and system temperature, respectively, observed over the same 100 ns period for the entire
system.
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S2 Counts.tcl: For counting time average number of

atoms in a selected region

##Usage: number "selection of atoms around selected condition" output.csv #
s
proc number {sel_atoms output} {
# Get the total number of frames in the trajectory
set nf [molinfo top get numframes]
# Open output file for writing
set outfile [open $output w]
# Write header to output file
puts $outfile "Frame, Number of atoms, Total atoms, Time-average number of atoms"
# Initialize variables
set T_atoms 0.00
# Loop over each frame
for {set i 0} {$i < $nf} {incr i} {
# Select atoms in current frame
set atoms [atomselect top "$sel_atoms" frame $i]
$atoms update
# Get the number of atoms
set list_atoms [$atoms num]
# Summation over all the frames
set T_atoms [expr {$T_atoms + $list_atoms }]
puts "frame $i of $nf"
# Write data to output file for this frame
puts $outfile "$i, $list_atoms,$T_atoms"
}
# Estimating time-average number of atoms

set Avg_atom [expr {$T_atoms / $nf}]
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puts "Time-average number of atoms = $Avg_atom"
puts $outfile ", , ,$Avg_atom"
close $outfile

}

HUHH A

S3 Water_bridge.tcl: Finds probability of Cl1~ to bind

to the choline methyl groups via water bridges.

# Usage "mass 35.452999" output.file
g
proc bridge {sell output} {
set nf [molinfo top get numframes]
set outfile [open $output w]
#Cut-off value for the distance of Cl from membrane center
set Z_max 29.0
# Center of max in Z direction
set Z_COM 57.825
#Cut-off value for Cl solvation by cholinic methyl, C_Me
set cutoff 5.
set n_Cl_tot O
set n_Cl_bound_tot O
set n_C_Me_tot O
set n_surf O
#loop over frames
puts "loop over frames"
for {set i 0} {$i < $nf} {incr i} {

puts "Frame $i"
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puts $outfile "Frame $i"
set sel [atomselect top "$sell" frame $il
set Cl_list {}
set 0_list {}
# z value and index from the same input selection
set ZZ [$sel get z]
set Cl [$sel get index]
set n_Cl [$sel num]
set n_Cl_tot [expr {$n_Cl_tot + $n_Cl}]
set n_surfl O
set j O

set n_Cl_bound O

#Loop over selected Cl atoms
foreach Z $ZZ {
#resetting Z-origin at center of membrane
set Z1 [expr {abs ($z - $Z_CcOM)} 1]
if {$Z21 < $Z_max} {
# The trick: skip indices that do not obey the condition on Z
set Cl_j [lindex $C1 $j]
lappend Cl_list $C1_j
incr n_surfl
# find cholinic methyl carbons within HB distance of chosen Cl
set selC_Me [atomselect top "name C33 C34 C35 and within
$cutoff of index $Cl_j" frame $i]
set C_Me [$selC_Me get index]
# ... and count them
set n_C_Me [$selC_Me num]

# if at least one Me, consider as bound C1l
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if {$C_Me != ""} {

incr n_Cl_bound
### Find water oxygens in contact with both Cl and a methyl carbon
foreach C $C_Me {

set sel0 [atomselect top "name 0 and (within 3.7 of index $C1_j)
and (within 3.5 of index $C)" frame $i]

set OW [$sel0 get index]

lappend 0_list $0W

}
puts "$j index Cl $Cl_j number C_Me $n_C_Me index

C_Me $C_Me  index OW $0OW"
puts $outfile "$j index Cl $Cl_j  number C_Me $n_C_Me

index C_Me $C_Me index OW $0W"

}

#puts "index Cl $Cl_j number C_Me $n_C_Me index C_Me $C_Me

ow $ow"

}

# index of the Cl atom list

incr j

}

# Counts for each frame

set n_surf [expr {$n_surf + $n_surfi}]

puts "number Cl on surface: $n_surfl , of which bound: $n_Cl_bound"
puts $outfile "number Cl on surface: $n_surfl , of which bound: $n_Cl_bound"
set n_Cl_bound_tot [expr {$n_Cl_bound_tot + $n_Cl_bound} ]

}

# Averaging over all frames

set f_surf [expr {($n_surf + 0.0) / $n_Cl_tot}]

puts n n
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puts "Total over all frames:"

puts "fraction of Cl on surface (up to $Z_max A from center): $f_surf"

puts $outfile "Total over all frames:"

puts $outfile "fraction of Cl on surface (up to $Z_max A from center): $f_surf"
set f_bound [expr { ( $n_Cl_bound_tot + 0.0 ) / $n_surf } ]

puts "fraction of which is bound to any C_Me: $f_bound"

puts $outfile "fraction of which is bound to any C_Me: $f_bound"

close $outfile

¥

HHS A

S4 Final avg HB dist.tcl: Calculates the average dis-

tance of CH--- O HBs.

# Usage "mass 35.452999" output.file
g
proc HB_dist {sell output} {

set nf [molinfo top get numframes]

set outfile [open $output w]

#Cut-off value for the first hydration shell of Cl1

set cutoff 4.0

#Starting of variables

set total_HB_dist 0.0

set number_of_HB 0

#loop over frames

for {set i 0} {$i < $nf} {incr i} {
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set Cl_list [atomselect top "$sell" frame $i]
set Cl_indexes [$Cl_list get index]
#Loop over selected Cl atoms
foreach C1 $Cl_indexes {
#Finds oxygen atoms within the specified cutoff distance from the Cl atom
set oxygen_atoms [atomselect top "name 0O and within
$cutoff of index $C1" frame $i]
set O_indexes [$oxygen_atoms get index]
#loop over oxygen atoms
foreach oxygen $0_indexes {
set oxy [atomselect top "index $oxygen" frame $il
set 0x [$oxy get x]
set Oy [$oxy get y]
set 0z [$oxy get z]
#Retrieves nearby methylic hydrogen atoms of choline within 3
units of the oxygen atom.
set HCs [atomselect top "type H3A H3B H3C H4A H4B H4C H5A H5B H5C
and within 3 of index $oxygen" frame $i]

set Hnum [$HCs num]

if {$Hnum > 0} {
set Hx [$HCs get x]
set Hy [$HCs get y]
set Hz [$HCs get z]
set number_of_HB [expr {$number_of_HB + $Hnum}]
#Calculates distances between the oxygen and hydrogen atoms
foreach hx $Hx hy $Hy hz $Hz {
set mind [expr {sqrt(($0x - $hx) ** 2 + ($0y - $hy) *x* 2

+ (3§0z - $hz) **x 2)}]
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puts $outfile "$i, $oxygen, $mind" ;

# Write the distance to the output file

# Accumulate the distances within the loop
set total HB_dist [expr {$total HB_dist + $mind}]
}
} else {

puts $outfile "No H-Bond" ;# Write O when no hydrogen atoms are found

# Calculate average distance outside the loop
set avg_dist 0.0
if {$number_of _HB > 0} {
set avg_dist [expr {$total_HB_dist / $number_of_HB}]
}
puts "avg dist $avg_dist"

close $outfile

HHHHHH B RS R A R H R R R
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Figure S3: Radial pair distribution functions (RDFs) for ions around lipid head groups with
(a) the selections “resname PC” and “element K”, and (b) the selections “resname PC” and
“element Na’. Vertical dashed lines mark the location of 7, which is 3.0 A for KT and
2.7 A for Nat. These values serve as cutoffs for defining “surface cations” in this work.

S5 A Brief Theory of the PME method

We have calculated the ESP using the Particle Mesh Ewald (PME) method.? Tt decomposes
the Coulomb interaction into two terms: a short-ranged term (fast decaying and computed
in real space), and a long-ranged term (slow decaying computed in reciprocal space). The
point charges are approximated by spherical Gaussian distributions in three dimensions,
normalized to give the charge (¢;) after integration:

pi(r) = ai (%)36_62”_”2 (1)

where 3, a positive parameter, defines the width of the distribution. The electrostatic

potential is computed using the Poisson equation:

~V2o(r) =4n y pi(r) (2)

where the sum runs over all atoms. The fast Fourier transformation (FFT) method was used

to solve the equation numerically, the accuracy of the solution depending on the grid density.
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bilayer center is positioned at Z=0 A.

120 T T 1 1 1 1 T 1 T
f(z) —
100 E () o= 3
ESP data for lipid R R R —
80 F )4 3
= ) (a)
W 60F / .
s 40 F // 3
N
¥ 20F / ]
/
O — o [ —
o /
20 1 o 1 1 1 1 1 1 1 "

5 10 15 20 25 30 35 40

Z, distance from the center (&)

45

50

Charge Density

0.015

0.01

0.005

-0.005

-0.01

-0.015

at a grid size of (a) 1 A (b) 0.5 A. The

'2) —
Lipid —

1 1 1 1 L 1
5 10 15 20 25 30 35

Z, distance from the center (A)

Figure S5: (a) The average charge density derived by taking the second derivative of the
analytically fitted polynomial to the ESP data and (b) comparing it with the numerical

charge density values for the lipid.

S20



S6 Charge Distribution and ESP for a POPC Mem-

brane Solvated in 400 mM NaCl
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Figure S6: The average charge density (a), and the averaged ESP (b) for various atom
selections, as a function of Z, averaged over the XY plane and the 10000 frames of our
100 ns trajectory (Lipid17 FF, and 400 mM NaCl solution). The obtained values were
further smoothed by consecutive four point averaging (two preceding points and two following
points). The bilayer center is positioned at Z=0 A.

Figure S6a shows the charge distribution for various atom selections for a POPC mem-
brane solvated in 400 mM NaCl solution. This complements the case of KCI in Figure 5
of the main text. While the various charge densities are similar for KCI and NaCl, some
quantitative differences can be found. We focus here on the ionic charge densities of Na™
plus C1~ (dark blue line), to be compared with K* plus Cl~ in Figure 5¢ of the main text. In
each membrane leaflet we find exactly one positive peak (assigned to Na™) and one negative
one (assigned to C17). The locations of these peaks are listed in Table S1.

Table S1: Peak locations (Z, in A) for the ionic charge densities in the two
membrane leaflets, as depicted in Figures 5c¢ and S6a.

Left leaflet Right leaflet
Cl- cation cation Cl~
NaCl -27.2 -17.6 19.5 28.3
KCI -28.6 -19.7 17.5 28.6

Comparison between the peaks in the two leaflets, obtained in the same trajectory and
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hence expected to be mirror images, teaches us on the error bounds of the calculation. The
error for the cations is quite large, their peaks being either 17.5 or 19.5 A. This is probably
due to the noise in the charge density data and its smoothing procedure. The average is
thus 18.5 A, and it is identical for Nat and K*. This contrasts with Vacha et al.*, who have
found specific ion effects on the position of the peak (using mass density rather than charge
density, and different lipid and FF). In the present work we have found several differences
between these cations, but the peak position is not one of them.

There seems to be less error in the Cl~ peak position, which is nearly identical in the
two leaflets, particularly for KCl. This highlights another difference with the literature
(e.g., Vécha et al.?), which discusses formation of a charged double layer at the membrane
surface with positive charges inside and negative charges outside. Once cations bind to
the membrane, anions distribute in solution to compensate for the positive layer at the
membrane. Such a model is applied in electrochemistry to describe the electrical double
layer in the solution adjacent to a charged electrode, which can be approximately described
by the Gouy-Chapman (GC) model.? To what extent does it describe the ion density near
the POPC membrane?

In the GC model, the membrane is a negatively charged plane (due to the phosphatic
headgroups), in equilibrium with an electrolyte solution (say, of NaCl). The solution of the
GC equations for the mobile ion concentration is monotonically decreasing for unlike charges
(Na™), and monotonically increasing for like charges (C17), see Fig. 3 in Oldham® (dashed
lines). This is not the case for the ion densities near a membrane (Figure 2b). For example,
the C1~ density increases from 0 at the membrane surface (Z = 19 A) up to a maximum,
then decreases to the asymptotic bulk value. This may be interpreted as a superposition of a
Gaussian-shaped peak (specific interactions) and the GC solution (continuum electrostatics).

The first is due to choline-bound C17, and the latter to all the other mobile chloride ions.
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S7 CNN.tcl: Conditional number of neighbors for an

atom in a given selection

#Usage: CNN "atom selection" output.out
#For e.g., CNN "element K" NN_K.out, which will count average number of neighbouring
#lipid head groups near a K+ ion.
# For each atom in a selection, and each time frame,
# if number of neighbors (NN) > O (= the condition)
# add NN to previous and increase number of bound frames
# (when the condition is obeyed)
g i s T
proc CNN {select output} {

set outfile [open $output w]

set sel [atomselect top $select frame O]

set selist [$sel list]

set atomnumber [$sel num]
#input: minimum in g(r)
set r_min 2.7
set nf [molinfo top get numframes]

puts $outfile "We have a selection of $atomnumber atoms and $nf frames"

puts stdout "We have a selection of $atomnumber atoms and $nf frames"

set neighbor 0O
#number of frames atom is bound

set nf_bound O

puts $outfile "atomindex frame neighbor nf_bound"
# loop over atomindices
foreach atomindex $selist {

# loop over frames
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for {set i 0} {$i < $nf} {incr i} {
set s2 [atomselect top "resname PC and within $r_min of index $atomindex" frame $i]
# running number of neighbors in each frame
set newneighbor [$s2 num]
# This can be either >0 or =0, calc is done only in the 1st case
if {$newneighbor > 0} {
set nf_bound [expr {$nf_bound + 1}]
set neighbor [expr {$newneighbor + $neighbor}]
}
puts $outfile "$atomindex $i $neighbor $nf_bound"
+
+
# end of two loops
if {$neighbor > 0} {
set neighbor [expr {($neighbor + 0.0) / $nf_bound}]
+
# else the routine returns 0O
puts stdout "number of frames bound $nf_bound"
puts stdout "Average number of neighbors $neighbor"
puts $outfile "average number of neighbors $neighbor"
puts $outfile "number of frames bound $nf_bound"
close $outfile

}
HHHHHH B R AR R R R R
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Figure S7: The distribution of lipid head-group atoms around a surface cation in comparison
to the scaled distribution of cations around the lipid head-group, for (a) K* and (b) Na*. In
both cases the two g(r) distributions coincide for the first peak, nearly coincide at the first
minimum, but do not coinside at larger separations.
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Figure S8: Integration of the radial pair distributions for different types of lipidic oxygen
atoms in proximity to a given surface cation: (a) K™ that is within 3 A of lipid head groups
and (b) Na*t within 2.7 A of lipid head groups. Different colors are used to represent different
oxygen atoms. The integration values up to their respective first RDF minima are indicated
near the corresponding legends.
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Figure S9: The distances for several K* ions from the center of the membrane as a function
of time during the 100 ns trajectory. This trajectory has not been unwrapped, so that the
ion is reflected back at the periodic boundary Z = 53.7 A.
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Figure S9: The distances for several K* ions from the center of the membrane as a function
of time during the 100 ns trajectory.
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Figure S9: The distances for several K* ions from the center of the membrane as a function
of time during the 100 ns trajectory.
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Figure S9: The distances for several K* ions from the center of the membrane as a function
of time during the 100 ns trajectory.
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Figure S9: The distances for several Kt ions from the center of the membrane as a function
of time during the 100 ns trajectory.
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Figure S10: The distances for several Na™ ions from the center of the membrane as a function
of time during the 100 ns trajectory. In comparison with Figure S9, the Na* diffusion exhibits
longer epochs of binding to the membrane, concomitant with its smaller ionic radius and
thus larger affinity to the membranal oxygen atoms as compared with K.
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Figure S10: The distances for several Na™ ions from the center of the membrane as a function
of time during the 100 ns trajectory.
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Figure S10: The distances for several Na™ ions from the center of the membrane as a function
of time during the 100 ns trajectory.
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Figure S11: Extracted structures from our MD simulations for interactions of Kt with the
membrane surface with (a) 1 lipid head group through phosphatic oxygen (Opq-) (b) 1 lipid
head group through carbonyl oxygen Oc¢o (c) 2 lipid head groups through 2 OPO; (d) 2 lipid
head groups through 1 Op- and 1 Oco (e) 2 lipid head groups through 2 O¢o (f) 3 lipid
head groups through 2 OPO; and 1 Oco (g) 3 lipid head groups through 1 OPo; and 2 Oco
(h) 3 lipid head groups through 3 O¢o.
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Figure S12: (a) RDFs and (b) their indefinite integrals for water oxygens (O ) around K+
(dark violet line) and Na™ (dark red line) ions in salty water (400 mM KCI and 400 mM
NaCl solutions, without the membrane). In (a) the vertical lines indicate the positions of the
first RDF minima. (b) shows the first shell hydration numbers, which are 6.75 for K* and
5.87 for Na*. The dashed lines illustrate how the number of nearest neighbors (contributing
to the first hydration shell) were calculated from the first RDF minima.
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Figure S13: Comparison of hydration structure distribution between “bulk K*” above mem-
brane system (represented in blue color) and K in pure 400 mM KCIl solution (represented
in green color).
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Figure S14: The scaled RDF for Oy atoms surrounding (a) bulk K™ or (b) bulk Na* (blue
line), superimposed on the RDF for water around a surface cation (red line). Scaling factors
of 0.7174 and 0.6297 were applied for K* and Na™, respectively. The first peak for the
surface- and bulk-scaled-RDF' are nearly identical, reflecting the partial absence of water
ligands around a surface-cation.
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Figure S15: Time evolution of the total (water + lipid) coordination number (CN) is depicted
by the upper curve and left Y-axis for (a, b) KT (dark-violet line), and (c, d) Nat (dark-red
line). The number of interacting lipid head groups is shown by the lower blue curve and the
right Y-axis. This shows that the total CN is almost constant, irrespective of the number
of water ligands that gets replaced by lipid atoms. The indexes of the selected K™ and Na™
ions correspond to those in Figure 10 of the main text.
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S8 Anion hydration

Figure 2 in the main text shows that K, and more notably Na™, have their density peak
slightly within the membrane, near the phosphate group (< 20 A). As a result, when the
cation approaches the membrane, nearly two of its water ligands are (on average) replaced
by lipid atoms (Table 6). In contrast, the peak associated with the anion (Cl~) appears

710 and lipids.* In Section 3.3 we

around Z = 29 A, as observed for various force fields
explained this by noting that Cl~ can interact with the choline methyl groups either directly
(CHj...Cl7), through a joint water molecule (CHs...OHy...Cl7), or both. Therefore, we
do not expect the Cl~ to replace more than a single water molecules in its hydration shell.
To quantify this, we have compared the RDF of Ow atoms surrounding a C1~ in the bulk and
on the surface (Figure S16). From its running integral we find that as the Cl~ approaches
the surface, the hydration number decreases from 6.3 to 5.9. This small drop (0.4 water

molecules), considerably smaller than for the cations (nearly 2 water molecules), indicates

that the anion-membrane interaction hardly affects the hydration structure of the anion.

6 T 50 e
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Figure S16: Radial pair distribution functions (a) and their indefinite integrals (b) for water
oxygen atoms (O,) around a Cl~ ion in the bulk (blue line) and within 2.9 A from the
membrane surface (red line) or, specifically, from the choline group (both conditions generate
the same RDF). The inset represents the zoomed plot for the first hydration shell with dashed
lines showing how the number of nearest neighbors is calculated.

To monitor the dynamical position of an anion, Figure S17 shows the distance from the
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center of the membrane as a function of time for two representative Cl~ ions (green line),
whereas others are added in Fig. S18. It is evident from Figure S17 that the anion hardly
ever approaches to within 20 A of the membrane, unlike the cations that do approach Z < 20,
sometimes residing there for many ns. It is also seen that the few occasions when a CI~ ion
does replace two water ligands by lipid headgroup atoms occurs, almost always, when it does

approach to within 20 A from the membrane (orchid line).
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Figure S17: Distances of two representative Cl~ ions from the center of the membrane (green
line and left Y-axis) along with the number of interacting lipid head groups (orchid line and
right Y-axis) as a function of time during the 100 ns trajectory. The dotted line represents
the average position of the membrane surface at ~ 20 A. In our distance calculations the
trajectory has not been unwrapped.

S38



1 1 T - 1 1 T =
index 10768 —— index 10769 —— |
/—\50 } —~~
Sl b
5 3
230 s
] 2
o o
§ Il el e e e e = §
10 1
0 1 1 1 1 L 1 1 1 1 1 L 1 1 1 L | 0 1 1 L 1 L 1 L 1 L 1 1 1 1 1 L 1 1 1 L
0 10 20 30 40 50 60 70 8 90 100 0 10 20 30 40 50 60 70 80 90 100
Time (ns) Time (ns)
1 I 1 1 1 1 1 I 1 1 1 I 1 1 1 1 I 1
o8 index 10770 —— i L index 10771 ——
50 50 ,
a0 fi 4 :
[ [
) g
£30 £30
bS] kS|
£ e b R Gl Sl [ e e e
10 10 |
O 1 1 1 L 3 " 1 " 1 . 1 " 1 L 1 " O [ " 1 L 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Time (ns) Time (ns)
T 1 1 1 1 T 1 T = T 1 1 { § 1 T 1 T =
& index 10772 —— ] o index 10773 —— ]
HSO ASO 1
. ]
S40 | 240 .
Q Q
g3 S30f
27 g |
£20 0 G . SO FUNMINOR: AR 02 . O WIS, SO . R i — b -ommm oo 1
10 1 10 1
0 1 L 1 L L 1 L 1 1 0 1 L 1 1 L 1 L 1 1 |
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Time (ns) Time (ns)
1 1 I | 1 1 I 1 - 1 I I 1 1 1 I 1
6l index 10774 —— | & L index 10775 ——
50 1 _s0f |
. ok I
S gk
g 1 g
£30 i £30 i
S| S f
§ 20 oot ernarnsntiestesrontetonnglnenndet o ssis R s ghn o oo § 20 [eetpest iy s oS 2 DU o e R
10 — 10
0 1 1 1 1 1 1 1 1 1 0 [ 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Time (ns) Time (ns)

Figure S18: The distances for several Cl™ ions from the center of the membrane as a function
of time during the 100 ns (wrapped, Gromacs) trajectory.
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Figure S18: The distances for several Cl~ ions from the center of the membrane as a function
of time during the 100 ns (wrapped, Gromacs) trajectory.
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Figure S18: The distances for several Cl™ ions from the center of the membrane as a function
of time during the 100 ns (wrapped, Gromacs) trajectory.
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Figure S18: The distances for several Cl~ ions from the center of the membrane as a function
of time during the 100 ns (wrapped, Gromacs) trajectory.
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S9 Diffusion Coefficient Calculations

A particle in solution undergoes random collisions with solvent molecules from all directions.
Instead of executing ballistic motion, depicted by Newton’s equations, it undergoes Brownian
motion following Einstein’s diffusion equation

Op(r,t)
ot

— V[DVp(r, 1) (3)

Here p(r,t) is the density of the independently diffusing particles (or, the probability density
of a single diffusing particle), which depends on the particle’s position vector (r) and the
time (t). D is the diffusion coefficient, which is one of the crucial dynamical properties of a

particle in solution. When D is independent of r, the diffusional motion becomes spherically

L oD

, where r is the length of the radius vector and d the
or or

symmetric, with V2 = r
spatial dimensionality.

The solution of this spherically-symmetric partial differential equation is well-known

1 _

p(r,t) = ArD0? e 4Dt (4)

where r(t), and r(0) represent the position of the tagged particle at time ¢, and its initial
position, respectively. Equation 4 shows that the density of a freely diffusing particle is
Gaussian in nature, with a width that increases with time. From it, one can calculate the

mean square displacement (MSD) as follows:
MSD = ((r(t) — 7(0))?) = 2dDt (5)

where angular brackets, (-), represent an ensemble average. From Equation 5, D can be
determined from the slope of MSD vs. time, divided by 2d. For bulk ions 2d = 6, whereas

for diffusion in a plane we divide the slope by 4.
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To improve the statistics, several types of ensemble averages are utilized: averaging over
identical particles (ions of a given type), over different trajectory segments (that start from
different initial conditions), and using the multiple origin method. In the latter method,
different trajectory segments are prepared from a single long trajectory by truncating in-
creasingly long segments from its start.

When the solvent is very inhomogeneous (such as within a living cell) the MSD may
deviate from a linear time dependence. This “abnormal” diffusion is characterized by a
power-law MSD: !

MSD = D, t* (6)

where « is the anomalous diffusion exponent. When a < 1 the process is called “subdiffu-
sive”, whereas when a > 1 it is “superdiffusive”. The coefficient D, is a generalized diffusion
coefficient. Usually, diffusion of a particle within a biological system starts off as subdiffu-
sion, slowed down my obstacles, while switching to normal diffusion at longer times, during
which the obstacles are circumvented. For cations near membrane (particularly K*) we ob-
serve a switch to superdiffusion (Figure 524 below), perhaps switching to normal diffusion
at even longer times. While we do not have evidence for this during the limited timescales

of our simulations, one would not expect the diffusion rate to increase indefinitely.
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Figure S19: Mean square displacement (MSD) plots (up to 50 ns) for the phosphorus atoms
of the POPC head groups solvated in (a) 0 mM salt, (b) 150 mM NaCl, (c¢) 150 mM KCI,
(d) 400 mM KCI, and (e) 400 mM NaCl solutions, using the Lipid17 FF. Green dotted lines
represent linear fits in the range 10 to 50 ns, from which Dy, was extracted (Table 7a).
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Figure S20: MSD plots (up to 50 ns) for the phosphorus atoms of the POPC head groups
solvated in (a) 0 mM salt, (b) 150 mM NaCl, and (c¢) 400 mM NaCl solution using the
Lipid21 FF. Green dotted lines represent the linear fitted lines within 10 to 50 ns, from
which Dy, was extracted (Table 7b).
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Figure S21: MSD plots for (a) the phosphorus atom of the POPC head group solvated in
150 mM KCI (red line), 150 mM NaCl (green line), and 400 mM KCI (blue line); (b) Lipid
self-diffusion in 150 mM KCI (red), compared to surface K™ in 150 mM KCI solution (violet),
and surface Nat in 150 mM NaCl solution (brown), using the Lipid17 FF.
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Figure S22: MSD plot illustrating lipid self-diffusion (blue) and surface Na™ diffusion (brown)
in (a) 400 mM NaCl solution, and (b) 150 mM NaCl solution using the Lipid21 force field.
Evidently, the cation lateral diffusion is notably faster than lipid self-diffusion.
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Figure S23: The MSD in the X,Y plane as a function of time (0-10 ns) for: (a) bulk K+
in 400 mM KCI, (b) bulk KT in 150 mM KCI, (¢) K™ in 400 mM aqueous KCI solution,
(d) bulk Na™ in 400 mM NaCl, (e) bulk Na* in 150 mM NaCl, and (f) Na® in 400 mM
aqueous NaCl solution. The dotted lines represent power-law fits. The power, «, is close
to 1, indicative of normal cation diffusion in the bulk (as opposed to the abnormal lateral
surface diffusion).
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Figure S24: Fits of the tine-dependent cationic MSD (0-5 ns) to the double-Flory model,
Eq. (3) in main text, for surface ions: (a) K* in 150 mM KCI, Lipid17 FF (b) Na't in 150
mM NaCl, Lipid17 FF, (¢) Na® in 400 mM NaCl, Lipid17 FF, (d) Na® in 150 mM NaCl,
Lipid21 FF, (e) Na™ in 400 mM NaCl, Lipid21 FF. See also Figure 17 in main text.
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Figure S25: The top two rows illustrate the temporal evolution of the Cartesian coordinates
(only X and Y') for representative Nat (index 10733, left column) and K* (index 10747,
right column) ions. Lower panels display the distances between these cations and their
neighbouring Pi atoms of lipid head groups within the same designated time interval.
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Figure S26: Temporal evolution of the distances between some representative Na™ ions and
their neighbouring Pi atoms of lipid head groups during various time spans.

549



dgrp (A)
dgrp (A)

59 61 63 65 67 69 71

Time (ns) Time (ns)

= T T T ™ y y
14 [ (d) Pl _P2 _P3 _P4 o
12 ] Al ]
I J‘ru F
< < 10
: g W AT
kS S 6 ] E
4 “ ol
2 3
0 1 1 1 1 1 1
92 93 94 95 96 97

di+p (A)
dip (A)

Time (ns) Time (ns)

Figure S27: Temporal evolution of the distances between some representative KT ions and
their neighbouring Pi atoms of lipid head groups during various time spans.
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