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Charged amino acids are known to be important in controlling the actions of integral and peripheral membrane
proteins and cell disrupting peptides. Atomistic molecular dynamics studies have shed much light on the mech-
anisms of membrane binding and translocation of charged protein groups, yet the impact of the full diversity of
membrane physico-chemical properties and topologies has yet to be explored. Here we have performed a sys-
tematic study of an arginine (Arg) side chain analog moving across saturated phosphatidylcholine (PC) bilayers
of variable hydrocarbon tail length from 10 to 18 carbons. For all bilayers we observe similar ion-induced defects,
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Protein-lipid interaction where Arg draws water molecules and lipid head groups into the bilayers to avoid large dehydration energy
Arginine costs. The free energy profiles all exhibit sharp climbs with increasing penetration into the hydrocarbon core,

with predictable shifts between bilayers of different thickness, leading to barrier reduction from 26 kcal/mol
for 18 carbons to 6 kcal/mol for 10 carbons. For lipids of 10 and 12 carbons we observe narrow transmembrane
pores and corresponding plateaus in the free energy profiles. Allowing for movements of the protein and side
chain snorkeling, we argue that the energetic cost for burying Arg inside a thin bilayer will be small, consistent
with recent experiments, also leading to a dramatic reduction in pK, shifts for Arg. We provide evidence that
Arg translocation occurs via an ion-induced defect mechanism, except in thick bilayers (of at least 18 carbons)
where solubility-diffusion becomes energetically favored. Our findings shed light on the mechanisms of ion
movement through membranes of varying composition, with implications for a range of charged protein-lipid
interactions and the actions of cell-perturbing peptides. This article is part of a Special Issue entitled: Membrane
protein structure and function.
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1. Introduction

Biological membranes are both home to a range of proteins with
critical functions, and protective shells that effectively block uncata-
lyzed permeation of polar and charged molecules. This view has pre-
vailed for many decades and is understood in terms of the energetics
of ion translocation across an oily membrane slab. However, recent
studies have suggested that cell membranes may not be so impene-
trable [1-3]. Given that charged protein groups, such as arginine
(Arg) and lysine (Lys), can play central roles in protein structure
and function (e.g. [4-10]) and the actions of a range of cell-
perturbing peptides (e.g. [11-17]), this highlights the need to under-
stand the interactions of charged protein groups with biological
membranes at the molecular level.

Biological membranes are often pictured as bilayers of lipid mole-
cules that form sheet-like non-polar regions. This rigid slab model pre-
sents large barriers to charged molecules (of several tens of kcal/mol
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[18]), which must dehydrate as they cross the membrane interface.
This view has been challenged recently by the so called ‘paddle
model’ of voltage gated ion channel activation, which suggested
lipid-exposed movement of several charged Arg residues across the
lipid membrane [1]. It was also questioned when cell biology experi-
ments, using the translocon machinery of membrane protein synthe-
sis, reported small (2-3 kcal/mol) energetic costs to incorporate Arg
in the middle of a transmembrane protein segment [2]. More recently,
a similar cost of just ~4 kcal/mol has been suggested for incorporating
Arg on a host B-barrel protein (OmpLA) near the middle of a 12-
carbon dilauroyl-PC (DLPC) membrane [3]. This apparent contrast be-
tween theory and experiments has sparked intense debate into the in-
terpretation of these observations, and has led to a series of studies
that have provided new understanding of the electromechanical be-
havior of lipid membranes.

In the absence of molecular level descriptions of membrane charge
transport processes, the simplified continuum description of mem-
branes remained unchanged for nearly half a century. However,
all-atom molecular dynamics (MD) studies have revealed some largely
unexpected (yet envisioned by A. Parsegian over 40 years ago [19])
physico-chemical behavior associated with the deformability of the
lipid bilayer. It has since been revealed that water and lipid head groups
are pulled into the non-polar membrane core due to the presence of
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charged molecules (e.g. [20-24], and Fig. 1). The resulting free energy
profile (or potential of mean force, PMF) for charge translocation is
very different to previous continuum models, owing to the fact that
the molecule never fully dehydrates, but must pay a price of deforming
the membrane [21,25]. This surprising outcome has some serious con-
sequences, including an insensitivity of translocation energetics to the
chemical identify of the charged molecule or protein group (Vorobyov
et al,, in preparation), the binding of a counter-ion of anionic lipid
head group [26], and even the dipole potential of the membrane [25].
These observations have significant implications for biological process-
es involving charge-membrane interactions, and have set the stage for a
new level of understanding of membrane transport processes.

All-atom MD studies of membrane charge transport have typically
been restricted to well-characterized single-component model lipid
bilayers (e.g. 16 carbon, dipalmitoyl-PC, DPPC [27]). However, biological
membranes can contain a variety of lipid types [28-31], with composi-
tion varying widely from membrane to membrane [28,32-33], or even
between domains in the same membrane [34-39]. Lipid composition
can determine the membrane's shape and mechano-elastic properties
[28,33,40], which may influence protein partitioning [41-43] and activ-
ity [44-49]. Of all the possible changes in membrane properties, we had
anticipated that electrostatic interactions may play an important role in
charge-membrane interactions; e.g. via neutralization by binding to a
charged lipid [50]. However, we recently demonstrated a surprisingly
small effect of anionic lipids on the movement of Arg side chains in
membranes, owing to the deformations of the membrane that lead to
very similar interactions with zwitterionic and anionic lipids [26].
While there remain a greater variety of lipid chemistries to explore,
the next likely suspect for modulating charge-membrane interactions
is membrane topology, and in particular its thickness [51-52].

Membranes of differing composition can have considerably different
thicknesses, owing to the presence of lipids of different chain length
[53], unsaturation [54-56], branching [57], cholesterol [30,58-59] (e.g.
cholesterol-rich rafts may be as much as 9 A thicker than other domains
[38]), protein [48,60-65] or cell-perturbing peptides [12,66-67], or due
to natural fluctuations in thickness [68]. Membrane hydrophobic thick-
ness is an important factor that affects the structures and activities of
many membrane proteins and peptides, such as Na* K*-ATPase [69],
rhodopsin [70], mechanosensitive channels [71], potassium channels
[72], gramicidin A [73], antimicrobial [66,74] and cell penetrating
peptides [12,75]. Notably, the permeabilities of charged and neutral
solutes through lipid bilayers are known to be affected by bilayer thick-
ness [51-52]. Here we aim to elucidate the underlying mechanisms
and thermodynamics of composition-driven regulation of charge-
membrane interactions.

We explore the role of membrane thickness governed by acyl
chain length in saturated PC lipid bilayers. Using all-atom MD simula-
tions we will demonstrate an ion-induced defect mechanism where
the strains on the bilayer due to membrane deformations result in
free energies that grow almost in proportion to thickness, distinct
from traditional continuum models that are almost invariant to thick-
ness. We will address recent experiments by calculating the thermo-
dynamics of incorporation of charged protein groups in thick and thin
membranes, determine the role of chain length in the Arg protonation
state, and investigate the mechanism by which charged groups may
move within bilayers, with consequences for the activities of a wide
range of membrane proteins and peptides.

2. Computational methods
2.1. Systems

The charged Arg side chain analog, methyl guanidinium (MguanH™),
has been used, as in previous studies [25-26,76-78]. Five different PC
lipids with saturated hydrocarbon tails of different length have been test-
ed: 18C—DSPC, 16C—DPPC, 14C—dimyristoyl-PC (DMPC), 12C—DLPC,
and 10C—didecanoyl-PC (DDPC). The decrease in the number of carbon
atoms in the lipid tails leads to systematically reduced membrane thick-
ness (Figs.1 and 2b and c described below, as well as Table S1). We have
also simulated the neutral Arg analog, methyl guanidine (Mguan®) in
DPPC and DLPC membranes for comparison of pK, shift calculations
(see Fig. 8, to be discussed below). Each system consists of an analog mol-
ecule, a 48-lipid bilayer hydrated by a 0.5 M KCI solution (corresponding
to 2186 or 2187 water molecules, 20 K™ and 21 or 20 Cl~ ions for the
charged or neutral analog molecule, respectively, to maintain system
electroneutrality and sample ionic baths).

Systems were built as in our previous studies, using similar MD sim-
ulation protocols [25,77]. For each system, up to 61 umbrella sampling
[79] ‘window’ simulations, for different z positions of the analog mole-
cule across the membrane spanning —30<z<30 A (—27<z<27 A
and —25<z<25 A for thinner DLPC and DDPC bilayers, respectively),
in 1 A increments, were performed for ~10 ns each, of which the initial
2 ns was treated as equilibration. The analog center of mass (COM) was
held near each umbrella window position by a 2.5 kcal/mol/A? harmon-
ic restraint with respect to membrane COM. The MguanH* COM lateral
distance from the z axis and the lipid bilayer COM along the z axis were
constrained using cylindrical and planar constraints of 5 kcal/mol/A? to
prevent drifting and thus assist simulation analysis without affecting
free energy profiles.

Fig. 1. Equilibrated MD systems for MguanH™ at the center of DSPC, DPPC, DMPC, DLPC and DDPC lipid bilayers; C atoms are shown in gray, H as white, N as blue, O as red, P as
orange. MguanH ™, together with lipid phosphate and water pulled into the bilayer core, are drawn as balls.
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Fig. 2. A) Density profiles for components of an unperturbed DPPC bilayer; B) density
profiles of hydrocarbon tail atoms for DSPC (black), DPPC (red), DMPC (blue), DLPC
(dark-green) and DDPC (magenta) bilayers; C) bilayer thickness as a function of chain
length from MD simulations (solid lines), compared to experiments [53] (dotted lines).
Density profiles in panels A and B have been symmetrized with respect to the bilayer
center.

2.2. Simulation details

Long-range electrostatics was calculated using the particle-mesh
Ewald (PME) method [80], and bonds to H atoms were maintained
with the SHAKE algorithm [81]. A real-space non-bond cutoff of 12 A
was used with Lennard-Jones (LJ) interactions truncated via an atom-
based force switch algorithm starting at 8 A. Hexagonal periodic bound-
ary conditions (PBC) were employed along with a Langevin piston [82]
and Nose-Hoover [83-84] methods used for coupling pressure and
temperature to 1 atm and 318 or 330 K, respectively. Here we employ
the newly developed CHARMM C36 force field [85] instead of the C27
[86] and C27r [87] models used previously. The C36 lipid force field
reproduces the experimental surface area per lipid and experimental
deuterium order parameters in the glycerol and upper chain regions
[85]. All simulations have been run in the NPT ensemble allowing for
independent changes in lateral area and box height, instead of the

fixed area, NP,AT ensemble used in previous studies. Simulations were
carried out at 318 K for all 10-16 carbon bilayers, above their
gel-phase transition temperatures (up to 314.7 K for DPPC [88]). How-
ever, we raised the temperature to 330 K for DSPC, above its transition
temperature of 327.5 K [88], but still low enough to be comparable to
the other bilayers.

2.3. Simulation analysis

Electron density profiles for different membrane components were
obtained by averaging MD frames from unperturbed bilayers. Surface
areas per lipid were calculated by averaging the time series of simula-
tion box's dimensions. The head-to-head spacing, d(P-'P), was obtained
for unperturbed bilayers from the average distance between lipid P
atoms in two leaflets, with bilayer core thickness, d(C--C), estimated
from C atoms of ester groups, C1, or the 1st carbon of the lipid tails, C2.

Membrane deformations have been gauged by calculating the num-
ber of polar membrane components drawn into the bilayer core (|z| <d
(CC)/2), after shifting the bilayer COM to zero for each frame, where d
(CC) is the experimental hydrocarbon membrane thickness [53], and
reported relative to mean numbers for unperturbed bilayers. Values
have been plotted either as a function of MGuanH™ position relative
to the bilayer center, or as a function of depth inside the hydrocarbon
core, based on experimental d(C-C) values from ref. [53]. Experimental
d(CC) values were used for consistency between all-atom MD and
continuum membrane calculation results.

Solvation numbers for water, lipid glycerol ester and phosphate ox-
ygen atoms around the guanidine carbon of MguanH™ were obtained
by integration of the respective unnormalized radial distribution func-
tions (RDF) out to their first minima. The numbers of hydrogen bonds
(H-bonds) between MguanH™ and water, lipid phosphate and glycerol
ester groups were calculated with a distance cutoff of 2.5 A and 120° for
the corresponding minimum angle. Interaction energies were comput-
ed every 1 ps using a large cutoff of 20 A, previously shown to yield sim-
ilar results to PME [77].

PMFs were calculated using umbrella sampling combined with the
weighted histogram analysis method [89]. Free energy contributions
were obtained by integrating the negative of the mean z-component
of the force acting on MguanH™ from particular system components,
obtained from calculations every 1 ps using the same nonbonded inter-
action scheme as used in the MD simulations. For this analysis, “head-
groups” refers to the remainder of the lipid molecule without its
hydrocarbon tails (from C3 to the terminal C atom); i.e. the combination
of both the glycerol ester and phosphocholine moieties. Error bars for all
analyses were calculated from asymmetries across the membrane.

2.4. Electrostatic potential calculations from all-atom MD

Electrostatic potentials, ¢, were obtained by solution to Poisson's
equation using trajectories from MD simulations saved every 100th
MD frame (0.2 ps apart), as described previously [25,90]. ¢ for the
unperturbed bilayers were calculated by double integration of averaged
electron density along z axis [90]. The PMEPOT plug-in [91] of VMD [92]
was used to obtain 2D and 1D profiles using smearing factor
k=0.34 A~ The MguanH ™ contribution was present in all potential
profiles but was negligible for 1D ¢ profiles across unperturbed bilayers
(due to averaging across all x and y values).

2.5. Continuum membrane calculations

Continuum electrostatics was calculated using the PBEQ module of
CHARMM. We employ a rigid low-dielectric slab membrane to model
a solubility-diffusion process, which excludes the possibility of mem-
brane deformations (although such extensions are possible [93-94]).
Membranes were created based on experimental thicknesses, d(CC)
[53]. MGuanH™" was placed at various z positions across the slab
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(—25<z<25A in 0.5A increments), and Poisson's equation was
solved on a 50x50x100 A grid with 0.5 A spacing. The membranes
were assigned a dielectric constant 2, surrounded by a solvent with
aqueous dielectric constant 80, using a water-sized reentrant probe.
Born radii were taken from Refs. [95-96] and partial atomic charges
from the C22 force field [97]. The non-polar energy was estimated by
multiplying the water-accessible surface of MGuanH™ by a surface
tension of 0.033 kcal/mol/A? obtained from alkane-water transfer free
energies [98], using boundaries at |z =d(CC) /2, switched over a 5 A
with a half-Gaussian [99]. A dipole potential contribution was added
by scaling C36 results (Fig. S6) down to the experimental value of
~350 mV (e.g. [90,100-101]. See Fig. S5 for different energy components.

3. Results and discussion
3.1. Membrane molecular and charge distributions

The surface areas per lipid of the bilayers (listed in Table S1) reveal
very similar values for DPPC, DMPC and DLPC, but an increase by
~3 A% for DDPC, and a decrease by ~3 A? for DSPC. The decrease in
area is likely associated with ordering of lipid tails for longer-chain
lipids and the fact that the difference between the simulated and
gel-phase transition temperature becomes narrower for longer chains.
Experimentally very similar areas have been observed for these lipids,
regardless of their length [53] in general agreement with these MD
simulations, given the uncertainty in the measurements. However, the
simulated area for DSPC is ~5 A2 too low, likely due to the lower relative
temperature used in simulations (just 3 K above the gel transition). This
lower area corresponds to a thickening of the membrane that we will
show has a small (but non-negligible) effect on Arg translocation
energetics.

The density, p, profile of an unperturbed DPPC membrane is illus-
trated in Fig. 2A. The hydrocarbon density profiles for different mem-
branes are compared in Fig. 2B. These profiles are very similar, except
for an offset of ~2 A between neighboring curves due to the systematic
change in chain length. This offset is evident in the hydrophobic thick-
ness values, d(CC), as well as the head-to-head spacings, d(P-P), re-
vealing a systematic decrease from DSPC to DDPC by about 4 A per 2
chain C atoms, and is within 1-2 A of experimental data (see Fig. 2C
and Table S1). Experimentally, hydrophobic thickness has been deter-
mined by subtracting twice the neutron diffraction estimate of
phosphate-hydrocarbon distance of 5.5 A from d(P-P) values [53], or
by using the Gibbs dividing surface for the hydrocarbon region based
on X-ray and neutron scattering profiles [102]. The former estimates
are in a good agreement with our d(C2'C2) values, whereas either
d(C1-C1) ord(C2C2) seem to correspond to experimental estimates
obtained using the latter (see Table S1). The largest deviation from ex-
periment occurs for DSPC, by over 3 A, due to partial ordering of lipid
tails at the chosen temperature.

Another membrane property important for charged molecule
translocation is the dipole potential, ¢, for each bilayer (see Fig. S6),
which is positive inside the membrane relative to an aqueous solution
and thus thought to impede the permeation of cations [18,103-105].
All membranes have very similar ¢ profiles, peaked at 700-800 mV at
the bilayer center, but shifted according to bilayer thickness. The ¢
magnitude for DPPC of 706 + 10 mV is in agreement with a previous
study [85], but is smaller than values obtained using C27 model lipids
(911 mV [90]; see Fig. S6), previously used to study Arg translocation
[21,25-26,76-77]. It is, however, still substantially larger than that
calculated using a polarizable membrane model, 500-600 mV [90],
as well as experimental estimates of 350-510 mV based on hydro-
phobic ion translocation [100] and from cryo-electron microscopy of
diphytanoyl-PC [101]. These discrepancies might be thought to influ-
ence Arg energetics by a few kcal/mol, yet we have previously shown
almost no effect, owing to deformations of the bilayer [25,78].

3.2. Membrane deformations due to the presence of Arg

Equilibrated systems with the Arg analog, MguanH™, held at the
center of each bilayer, are shown in Fig. 1. Arg leads to deformations
by pulling water and phosphate groups into its hydrocarbon core.
Despite the number of molecules pulled into the bilayer core, the
change in box size in the x-y plane was less than 1%, validating previous
studies that sampled from an NP,AT ensemble, where the error caused
by the fixed surface area has been suggested to be small [78].

While in DSPC, DPPC and DMPC the Arg analog pulls water and lipid
head groups in from only one interface, in the thin DLPC and DDPC
membranes, MguanH ", when within 1—2 A of the bilayer center, was
observed to grab both sides of the membrane, forming a transmem-
brane (TM) hydrophobic pore. These pores are partially wetted, or per-
haps more appropriately referred to as water wires, in contact with lipid
hydrocarbon tails, distinct from wider, fully-wetted TM pores lined by
lipid head groups [106]. These pores are similar to those formed by cen-
tral water defects in our previous study [25], but occluded by an ion in
the middle. Similar pores were observed in recent MD simulations of
lipid flip-flop across DLPC, DMPC and DPPC membranes by Sapay et al.
[107], when the translocating lipid head group was near the membrane
center (and up to ~5 A away for DLPC). The H-bonding capability of
MguanH* may be very important for the stabilization of these pores,
as they have not been observed in DLPC membranes with the Lys side
chain analog, methyl ammonium, which has reduced H-bonding capac-
ity (Li and Allen, unpublished results). In DDPC and DLPC bilayers, these
TM pores appear within the first few ns for several windows and remain
stable for more than 20 ns. They depend on position and not initial con-
figuration e.g. disappearing quickly when the analog was moved away
from center by 2 A in DLPC. Such pores are typically not seen in
DMPC, except in one simulation, with MGuanH™" held at the bilayer
center, where a pore remained stable for 20 ns (not shown).

To gauge the extent of membrane deformations, we calculated the
number of polar water (O atom), lipid phosphate (P atom) and choline
(N atom) groups inside the membrane core as a function of MguanH™
position (see Fig. 3). The extent of membrane perturbations increases
rapidly as MguanH* moves deeper into membrane core and reaches a
maximum near the membrane center. The penetration of water mole-
cules reaches 23 for DDPC to 32 for DPPC (30 for DSPC), and the number
of core localized lipid P and N atoms varies from ~2 to 2.5 and ~1 to 1.6,
respectively (Fig. 3B). Based on water core penetration numbers it
might look as though DPPC, DSPC and DMPC membranes are deformed
more than DLPC and DDPC, yet a better comparison can be obtained by
examining the deformations as a function of depth from the edge of the
hydrocarbon cores of the membrane, rather than distance from the bi-
layer centers. When this is done, the core numbers become very similar
for all bilayers (inset of Fig. 3A), despite pore formation in DLPC and
DDPC bilayers.

3.3. Solvation, H-bonds and interaction strengths

The solvation numbers characterizing the micro-environment of
MguanH™ at each position across the membrane are shown in Fig. 4A
for DLPC and DPPC membranes (with results for all lipids used in this
study presented in Fig. S2). In bulk aqueous solution, MguanH™* is sur-
rounded by ~12 water molecules in its 1st solvation shell (a high num-
ber based on the distribution around the guanidine C atom, and not
H-bonding to the amine groups). This number decreases to 4-6 in the
interfacial regions and stays nearly constant throughout the membrane.
In the interfacial region the charged analog is coordinated by 3-4 phos-
phate and 2-3 glycerol ester O atoms. Near the membrane center
MguanH™ is coordinated by ~5 water molecules, 1-2 phosphate oxy-
gen atom and ~1 glycerol ester oxygen in DPPC and DLPC bilayers
(Fig. 4A), with similar numbers for other lipids (see Fig. S2). The total
solvation number (black curves in Fig. 4A) gradually decreases
from ~12 in bulk aqueous solution to 6-8 near the membrane center,
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Fig. 3. Number of polar species inside the membrane core (with respect to unperturbed
bilayers). A) water O atoms, B) lipid phosphate P (solid lines) and choline N (dashed
lines) as a function of MguanH™ position across the membrane. The membrane core has
thickness 29.5 A (DSPC), 26 A (DPPC), 23 A (DMPC), 19.5 A (DLPC), or 15.5 A (DDPC)
from Ref. [53]. Core penetration profiles have been symmetrized with respect to
MguanH™ position at the bilayer center (z=0). The inset in panel A shows the number
of water O atoms in the membrane core as a function of MguanH™ distance from the
interface/core boundary, z.

with the difference between DPPC and DLPC profiles being an expected
offset due to the differing bilayer thicknesses. TM pores in DDPC and
DLPC do not significantly affect solvation numbers, which are similar
to DMPC, DPPC and DSPC results (Fig. S2; with deviations for DLPC
and DDPC being comparable to the error bars). The comparison of C36
with previous C27 results for DPPC [77] (see Fig. S1A) shows very sim-
ilar solvation numbers (with a slight decrease in interfacial phosphate
and increase in glycerol ester binding in C36).

H-bond numbers are also very similar between different bilayers,
again with an expected shift of ~2 A between successive chain lengths
(see. Fig. 4B and Fig. S3). The total number of H-bonds (black curves)
is ~4.5 in bulk water, reaching ~5 in the membrane and staying nearly
constant across the membranes. There are, however, large variations
in the contributions from individual membrane components. In bulk
aqueous solution and near the membrane center, contributions from
water are dominant. In the interfacial and outer core regions, the
water contribution decreases to ~1-2 and more than half of the H-
bonds to MguanH ™ are formed by lipid phosphates (~2-3) and glycerol
ester (~0.5-1.5 groups). In comparison to our previous C27 results [77],
phosphate groups form fewer H-bonds with MguanH ™, while glycerol
ester groups form more, leading to an unchanged total number of H-
bonds (see Fig. S1B). This may be explained by the larger glycerol
ester dipole in C36 [85].

Interaction energies of MguanH* with lipid head groups, water and
ions, as well as the total interaction energy, are plotted in Fig. 4C for
DLPC and DPPC (see Fig. S4 for all lipids). The interactions of MguanH™*
with all lipids are similar, allowing for the expected shifts. MguanH™" in-
teracts with lipid head groups and water molecules strongly throughout
the membrane, which can account for the observed deformations
[21,77]. Interactions with water molecules are largest in the bulk aque-
ous solution (~— 100 kcal/mol), weakening to nearly 0 in the interfacial
region, but strengthening again to ~—50 kcal/mol near the membrane
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Fig. 4. MguanH" interactions with DPPC (solid lines) and DLPC (dashed lines) mem-
branes: A) Mean first-shell solvation numbers for water O (red), phosphate O (blue),
and glycerol ester O atoms (green), defined by minima in the RDFs of radii 4.85, 4.55,
and 5.00 A, respectively, relative to guanidine carbon as in ref. [21]. B) The H-bond num-
bers by water, phosphate, and glycerol ester. An H-bond D-H' A is counted when the dis-
tance HA<2.5 A, and angle D-H"A >120°. C) Average side chain interaction energies for
MguanH™ with components: water (red), lipid head groups, including glycerol ester moi-
eties (blue), K™ and Cl" ions (cyan). Sums of these components are shown by black lines in
each panel. All profiles have been symmetrized with respect to the MguanH* position at
the bilayer center (z=0), and the error bars represent a measure of asymmetry. See Figs.
S2, S3 and S4 for all lipid membranes used in this study.

center. Interactions with lipid head groups reach ~—150 kcal/mol in
the interfacial regions, and remain strong (~—100 kcal/mol) to drive
these polar groups into the hydrophobic core. Interactions with salt
ions in aqueous solution are also quite strong, (up to ~—70 kcal/mol)
yet vanish inside the bilayer, indicating a strong preference for binding
to lipid phosphates over counter-ions there. Interaction energy profiles
for C36 and C27 force fields are very similar (Fig. S1C).

3.4. Free energy profiles

The PMFs governing membrane translocation of MguanH™* through
the different bilayers (Fig. 5A) are very similar in shape, shifted by ~2 A
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between successive chain lengths. Similar slopes indicate comparable
forces expelling MguanH™ from the bilayer cores, consistent with the
similar deformations observed above. Each PMF has a distinctive A
shape since the ion never crosses the membrane interface, but deforms
it, moving against an almost constant opposing force [25].

The PMFs for different chain lengths have similar weak interfacial
binding, but different barrier heights, simply because the force acting
to expel the ion is similar, but integrated over a different thickness.
The inset in Fig. 5A reveals just how similar the PMFs are when plotted
as a function of depth in from the interface instead of distance from
the bilayer center. Because the mean force acting on the charged ana-
logis~1.5 kcal/mol/A on average (1.2-1.8 kcal/mol/A, increasing with
chain length), the change in thickness can capture much of the drop in
barrier height with decreasing chain length. However, MguanH™
causes TM pores to form in DLPC or DDPC bilayers, eliminating net
force toward either interface and leading to plateaus in their PMFs
(Fig. 5A), similar to lipid flip-flop PMFs from a previous study [107].
One may anticipate a further decrease in barrier due to this pore for-
mation. However, while pore formation in the thin bilayers does halt
the rapid climb in free energy with ion movement, the work has
already been done for the ion to reach that point. We also note
that the PMFs from C36 (here) and C27 [77] are the same to
within ~0.5 kcal/mol.

To help understand the origin of any differences in these PMFs for
different chain lengths, we have broken them down into contributions
from different membrane components via a mean force decomposition
(Fig. 6). Contributions from water, lipids and ions are presented (with
the latter two combined). As with the total PMF, the forces coming
from individual components as the ion enters the membrane are similar
for all bilayers, but the curves are shifted because of the differing thick-
nesses. It is only deep inside the interfaces that differences become
apparent. In the interfacial region, dehydration (water; solid lines)
leads to strongly unfavorable contributions, cancelled by opposing
lipid + ion contributions (dashed lines). In the middle of the bilayers,
water becomes more stabilizing while lipids 4 ions are more destabiliz-
ing, with the net result leading to barriers in the PMFs (dotted lines).

We can understand a trade-off between water and lipids by consid-
ering the competition for binding in each region of the bilayer. As
MGuanH ™ moves from bulk water into the interface, the mole fraction
of water is reduced (and MGuanH* must compete with head groups for
hydration), leading to a repulsive free energy contribution (a more
detailed discussion, including enthalpic and entropic contributions to
this repulsion, can be found in Ref. [77]). In contrast, the free energy
contribution from lipid head groups is attractive as the ion moves
from water into the interface (Fig. 6). As the ion moves deeper into
the membrane, water molecules are drawn into the core and are very
effective at stabilizing charges away from the aqueous phase [108],
leading to forces that push the ion from the interface into the core.
However, when lipid head groups are displaced to coordinate the ion
in the core, the associated energetics will lead to forces directing the
ion back toward the interface. While these counteracting forces are
roughly in balance at the interface, their net effect inside the core is
strongly repulsive.

In the thicker membranes, the deeper the ion moves into the core, the
more strained the displaced head groups become, leading to an ever
growing repulsive PMF contribution that eventually dominates. In DSPC,
DPPC and even DMPC, the lipid contribution keeps climbing all the way
to the bilayer center (in all three cases being positive in free energy at
the center), while the water contribution keeps falling all the way to the
center (in all three cases being negative in free energy at the center).
However, a noticeable difference can be seen for DLPC and DDPC, where
the bilayers are too thin for the head group contribution to become posi-
tive (and for the water contribution to become attractive). As a result, we
would argue that with the ion near the center of DLPC or DDPC bilayers,
lipid head groups come and go with greater ease than in the thicker mem-
branes, with the inevitable outcome of pore formation.
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Fig. 5. A) PMFs of MguanH ™ translocation across DSPC (black), DPPC (red), DMPC (blue),
DLPC (dark-green) and DDPC (magenta) membranes from all-atom simulations. The inset
shows PMFs as a function of MguanH™" distance from the interface/core boundary, z.
Error bars have been computed as in Fig. 4. B) Energies of MguanH™ across membranes
of different thickness from continuum membrane calculations (see Fig. S5 for individual
energy components). C) Free energy barriers for MguanH™ as a function of bilayer thick-
ness (all-atom MD—solid black, continuum—dashed gray curve). Linear extrapolations are
drawn with dotted lines.

The overall barrier heights, Wharrier, increase linearly with hydropho-
bic membrane thickness, d(CC), from 5.8 kcal/mol for DDPC to
25.7 kcal/mol for DSPC (a slope of 1.4 kcal/mol/A of thickness;
Fig. 5C). Thus, while previously the cost of unassisted translocation of
Arg has been deemed prohibitively high [21], we now see that in thin
membranes the cost can be quite low. We have to also remember that
this is the cost of moving a lone side chain analog molecule into the bi-
layer. In contrast, experiments have relied on measurements involving
the partitioning of host peptides [109] or entire (3 barrel proteins [3],
where the Arg side chain would snorkel and the protein segment itself
would be expected to drift due to the forces acting on the Arg. We have
previously shown that snorkeling reduces the free energy of an Arg
placed in the middle of a bilayer by up to 3 kcal/mol [77]. We have
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Fig. 6. Free energy contributions for MguanH™ translocation across DSPC (black), DPPC
(red), DMPC (blue), DLPC (dark-green) and DDPC (magenta) bilayers from force decom-
position analysis. Water (solid lines), lipid and ion (dashed lines) and total PMFs (dotted
lines) are shown (error bars computed as in Fig. 4).

also shown that a single hydrophobic helix flanked by prolines and
charged residues may slide by 8-10 A [21], consistent with experiments
[110], while a WALP peptide may slide by up to 5 A if an Arg is placed
at the center (Chen and Allen, unpublished results), and undergo signifi-
cant tilts that can bring the guanidinium group closer to the interface
[111]. Significantly, even small displacements (just a couple of A) of the
host protein lead to significant stabilization of Arg, owing to the steep
slope of the Arg side chain PMF (~1.5 kcal/mol/A). One may therefore ex-
pect free energy penalties for incorporating Arg into a TM segment to be
just a few kcal/mol in DDPC or DLPC membranes, consistent with recent
experiments [3]. We remark, however, that a quantitative comparison is
difficult, given the different systems, especially due to the presence of a
partially water-filled OmpLA pore that will help stabilize charges inside
the membrane, as well as consideration of the appropriate reference
states (Ref. [3] reports free energies relative to alanine, and also relative
to an unfolded state of unknown free energy).

3.5. Ion-induced defect versus solubility diffusion

While the implications of the low barriers for Arg movement into
thin bilayers maybe significant, the growing barriers in thick mem-
branes have their own consequences. Based on bulk solvent partitioning,
employing a Born energy description, the cost of Arg movement from
water (€=280) to hydrocarbon (¢=2) is ~31 kcal/mol (i.e. negative
one half of its hydration free energy of ~—62 kcal/mol [78]). The barrier
for Arg translocation across DSPC from all-atom MD simulations is
approaching this limiting value, suggesting a possible transition
from an ion-induced defect to a solubility-diffusion mechanism [112],
entailing complete or partial [51-52] dehydration without significant
membrane deformations. We now seek a more quantitative analysis of
this competition between mechanisms.

Continuum membrane models have been traditionally used to esti-
mate the energetics for ion translocation across rigid low-dielectric slab
membranes [18,113], despite the limitations that by now are clearly ev-
ident. We have calculated the cost of moving MguanH™ into the mem-
brane via solution to Poisson equation (dominated by the dehydration
penalty, as well as a smaller interaction with the dielectric boundary
[19]), a non-polar contribution arising from the costs of cavity
formation in water and hydrocarbon (~-9 kcal/mol for all lipids,
somewhat overestimated compared to atomistic simulations [90]),
and due to the dipole potential (8-9 kcal/mol for all lipids). Given the
approximate cancellation of non-polar and dipole potential terms, the
energetics (shown in Fig. 5B) are governed almost exclusively by
dehydration (with a decomposition provided in Fig. S5). All energy
profiles lack the characteristic A shape of the all-atom PMFs (compare
Fig. 5B and A). Significantly, the barriers calculated do not yield the

same dependence on bilayer thickness (Fig. 5C, dashed curve) as seen
in all-atom simulations (solid curve). While the energy barriers exhibit
shifts due thickness changes, the continuum model incorrectly captures
only a dehydration effect that is common to all bilayers. As a result, the
barrier only drops from 28.6 kcal/mol for DSPC to 24.3 kcal/mol for
DDPC.

According to the all-atom simulations, we would predict dramatic
reductions in translocation rates across membranes with increasing
membrane thickness (a thorough study of ion diffusion and permeation
rates with comparison to experiments to be submitted). The increase in
barrier height should correspond to about 3 orders of magnitude in-
crease in permeability per 2 carbon atoms in the lipid tails. In contrast,
the continuum membrane model predicts very little sensitivity to mem-
brane thickness. Previous experiments in a range of mono-unsaturated
lipids have observed little sensitivity of K* ion permeability to chain
lengths of 18—24 carbons, corresponding to membrane hydrophobic
thicknesses of 27.0—37.5A [51], mostly above the range explored
here. This experimental evidence suggests that in thick membranes, a
solubility-diffusion mechanism is dominant. However, deviations
were observed in bilayers thinner than ~27 A (corresponding roughly
to DPPC), suggested to be associated with the onset of a transient pore
mechanism [51]. In our study, the barriers to ion-induced defect forma-
tion become lower than solubility-diffusion (dehydration) in thin
membranes; though we cannot exclude the contribution from transient
pores. We recognize that lipid unsaturation, with corresponding
changes in membrane properties [107], will affect the switch between
ion-induced pore formation and the solubility-diffusion mechanism,
while the difference in MGuanH" and K* hydration energetics, of
~20 kcal/mol, is expected to have an even greater influence on this tran-
sition. Moreover, our model to predict the transition between ion-
induced defect-facilitated and solubility-diffusion assumes complete
dehydration of the ion, for the latter mechanism, which may not be
the case. Due to these factors we hesitate to provide direct quantitative
comparisons with experiments performed on different model systems
[51]. What is indisputable, however, is that the two curves in Fig. 5C
must intersect at some point, possibly in the vicinity of 18-20C atoms,
indicating a switch between different translocation mechanisms.

While we did not see the breaking of interfacial connections lead-
ing to solubility-diffusion translocation of MGuanH ™, even in DSPC bi-
layers, such a transition has been observed recently for the case of lipid
flip-flop in membranes thickened by cholesterol [114]. This may be
due to the non-polarizable all-atom simulations suffering from an in-
adequacy that may prohibit such changes. As shown above (Fig. 5C),
the cost of ion-induced translocation in thick membranes has reached
a level comparable to that for dehydrating the ion. However, in a non-
polarizable MD simulation, the energetic cost of solubility-diffusion
[78,90] is overestimated by a factor of up to 2 because the dielectric
constant of the hydrocarbon core is around 1 instead of 2 [115].
Thus, solubility-diffusion in a non-polarizable MD simulation might
never occur, unless the membrane is very thick, or the ion remains
partly hydrated [51]. This highlights the need for explicit treatment
of electronic polarizability for a quantitative exploration of the
mechanisms of translocation in thick membranes.

3.6. Electrostatics of deformable membranes of different thickness

The dipole potential is one of the key factors governing ion translo-
cation in the traditional solubility-diffusion model [104]. This potential
is large (~350-510 mV), corresponding to an additional penalty of up to
12 kcal/mol for MGuanH™ to cross a membrane. For the C36 and C27
MD models, this term is higher (by at least ~200 and 400 mV, respec-
tively; Fig. S6), corresponding to changes in the energy of a bare ion
by 4.5-9 kcal/mol. Despite model variations in dipole potential, the
PMFs for MGuanH™ across C36 and C27 membranes differ by
just ~0.5 kcal/mol. Moreover, similar changes in the dipole potential,
due to the incorporation of electronic polarizability of the lipid chains,
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had almost no effect on the resultant PMFs since the ion does not feel
the full dipole potential due to membrane deformations [25].

The 2D electrostatic potential maps for the unperturbed membranes
clearly reveal the change in bilayer thickness, affecting the spread but
not the magnitude of the potential (top panels of Fig. 7). As a result of
MGuanH ™" perturbing the bilayer, the low-potential region of the bulk
solution extends to just a few A from the membrane center (bottom
panels of Fig. 7; with more bilayers shown in Fig. S7 and 1D projections
in Fig. S8). The ion itself is located near the interface between low- and
high-potential regions, and never completely crosses between them
[25]. In the case of the thin DLPC membrane (as well as DDPC; Fig.
S7), we see that the membrane deformations and corresponding low-
potential regions extend to both leaflets, with MGuanH™ residing in
the middle. For DSPC, DPPC and DMPC membranes, MGuanH ™ is locat-
ed at a high-electric field position (riding a steep slope in potential; Fig.
S8), thus experiencing a large force expelling it from the membrane and
accounting for the A shape of the PMF [25]. For DDPC and DLPC mem-
branes, MGuanH " is located in a high-potential region, but resides at
the top of the barrier with zero slope, and thus experiences zero electric
field expelling it from the membrane (see Fig. 7 and S8), corresponding
to the plateaus in the PMFs.

We remark that, irrespective of the bilayer thickness, it is the leading
charge (i.e. MGuanH™) that is feeling the force expelling it from the
membrane, with the coordinating phosphate in a region of reduced
potential and field, and the choline essentially feeling no force at all
[25]. We have previously suggested that this can explain why an anionic
lipid (possessing the phosphate but no cationic moiety) has very little
effect on the PMF for Arg translocation [26], and have used this leading
charge hypothesis to predict a common energetics for a range of ions,
zwitterions and polyionic biomolecules [25-26], as has been shown
computationally [116], and experimentally [3] for Arg pairs.

3.7. pK, shift of Arg in bilayers of different thickness

We now discuss the consequences of the varying free energy costs
for charged Arg movement into bilayers of different thickness on its
protonation state. Despite the high aqueous pK, of 134 (for
MGuanH T[117]), neutralization, if it were to occur, would lower the
translocation barrier. Continuum theory predicts that the cost of trans-
location of the charged species is so high that deprotonation is certain
inside a membrane [78], yet we know that those energetics have been
exaggerated by the rigid dielectric model. We have previously shown,
using all-atom MD simulations, that MguanH™ would undergo pK,
shifts that grow steeply as the molecule moves deeper into the mem-
brane, with the pK, eventually dropping below 7 at the center of a
DPPC bilayer (also shown in Fig. 8C) [76-77]. However if the Arg side
chain is attached to a host protein and allowed to snorkel, Arg would ac-
tually remain protonated, even at the bilayer center (at neutral pH)
[76-77]. The reason for these low shifts is the reduction in barrier for
the protonated form due to membrane deformations, and the fairly
high costs of dehydrating the neutral side chain [76-77]. However, thin-
ning of the membrane will further reduce these shifts, which we now
explore.

We have computed the PMFs for the neutral Arg analog, Mguan®,
moving across DPPC and DLPC bilayers (Fig. 8B). The free energy bar-
riers for Mguan® are determined by simple dehydration (maintaining
on average, just ~0.6 waters in DLPC and ~0.2 in DPPC), leading to dif-
ferent shapes to those for the charged analog. In DPPC, the barrier be-
comes flat once dehydration is complete, while DLPC is only just thick
enough to lead to a similar level of dehydration, so that a plateau is
not seen (though the barrier heights are almost the same; 8.6 Vs
8.5 kcal/mol). If not for the shift due to bilayer thickness, the PMFs in
DLPC and DPPC would be essentially identical (not shown). We note
that the C36 barrier for Mgu.am0 in DPPC is similar, but 1.5 kcal/mol
higher than our previous C27 result [77].
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Fig. 7. 2D electrostatic potential maps along the z axis and distance r from the z axis
when the MguanH™ ion is in aqueous solution (top) and near the membrane center
(z=~0 A, bottom) for DPPC (left) and DLPC (right) membranes. 2D maps for all lipid
bilayers and corresponding 1D projections are shown in Figs. S7 and S8, respectively.
All maps have been symmetrized with respect to r=0. The average positions of the
guanidine C and its closest lipid P and N atoms are shown as black asterisk, circle,
and triangle, respectively. The corresponding system snapshots for the deformed
bilayers in the bottom row are shown in Fig. 1.

The cost of MguanH™' deprotonation across the membrane,
AAGgeprot(2), can be calculated as Wivigyan0(z) — Wiviguann *(2) (explained
in Refs. [76-77], via a thermodynamic cycle) and the corresponding
ApK,(z) profiles obtained as AAGgeprot(2)/(2.303 kgT). The ApK,(z) pro-
files across DLPC and DPPC membranes (Fig. 8C) indicate a small posi-
tive pK, shift up to 2 units in the interfacial region due to MGuanH™"
binding, which then drops inside the membrane core due to destabiliza-
tion of the charged species. For DPPC, the pK, drops by up to 8.1 units
(falling from over 13 to below 6; red curve), whereas for DLPC the
shift never exceeds — 1.9 units (dark-green curve). This proves that
Arg, even as a lone side chain analog molecule, would always remain
protonated in thin membranes (the pK, never dropping below around
11 units), but that in thick membranes (DPPC or greater), deprotona-
tion at the membrane center would occur (noting again that the ability
to snorkel on a host protein will reduce these shifts [77]).

4. Conclusions

We have carried out atomistic simulations of the translocation of the
Arg side chain analog, MguanH ™, across lipid membranes with system-
atically changed hydrophobic thickness. We discovered that MguanH ™
leads to similar membrane deformations in all bilayers by pulling water
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Fig. 8. A) Equilibrated MD systems for Mguan® at the center of DPPC and DLPC bilayers.
B) PMFs of Mguan® across DPPC (red) and DLPC (dark-green) membranes. C) pK, shift
profiles for DPPC and DLPC bilayers, based on MguanH™ and Mguan® PMFs (error bars
computed as in Fig. 4).

molecules and lipid head groups into their hydrocarbon cores. The sol-
vation, H-bonding and interaction energies of MguanH ™ in these mem-
branes are very similar, except for a shift caused by the change in bilayer
hydrophobic thickness. We found that if results are plotted as a function
of distance from the interface instead of the bilayer center, the deforma-
tions and ion microenvironments are very similar in all bilayers.

All translocation free energy profiles exhibit a shape that is charac-
teristic of an ion-induced defect translocation mechanism, with similar
slopes, and a central barrier varying from just 5.8 kcal/mol for DDPC to
as high as 25.7 kcal/mol for DSPC, scaling almost linearly with a mem-
brane thickness. In thin membranes, such as DLPC or DDPC, MguanH™*
pulls water and head groups from both sides of the membrane to
form a hydrophobic TM pore, in which the ion can move freely near
the membrane center. Our analysis of contributions to the free energy

suggests a situation where DDPC and DLPC are thin enough so that
the movement of lipid head groups into the deformed membrane has
not yet become too unfavorable, promoting pore formation. The lower-
ing of the barriers in thin membranes, after accounting for further re-
ductions that would occur due to side chain snorkeling and host
protein movements, as a result of the large forces on the Arg side
chain, are expected to be in accord with recent experiments [3].

The systematic dependence of the translocation barrier on mem-
brane thickness, which is not observed in continuum membrane
models, leads to important conclusions in regards to the mechanism
by which charged molecules, such as Arg, traverse lipid bilayers. We
have predicted that all such translocations would be mediated by ion-
induced defect-mediated diffusion (in the absence of transient pores,
not investigated here), where the ion remains hydrated at the deformed
interface, as opposed to a traditional solubility-diffusion mechanism
where the ion partitions from water to hydrocarbon and diffuses the
membrane core [51]. Our results indicate, however, that solubility-
diffusion would become the preferred translocation mechanism in
thicker membranes, at least as thick as DSPC, though with some
uncertainty, owing to the absence of explicit membrane electronic
polarizability.

We showed that because the barrier height for the charged Arg an-
alog is so sensitive to thickness in the all-atom description, and that of
the neutral analog is not, MGuanH"* would experience deprotonation
at the centers of thick membranes, but not in thin membranes, whereas
the continuum description would incorrectly predict deprotonation
throughout all membranes. This important effect of membrane thick-
ness on the protonation state of a titratable protein side chain would
not have been captured in traditional implicit membrane models. We
have also discussed how the membrane deformations within leaflets
of the thick membranes, or as TM pores in thin membranes, control
the energetics of translocation and govern a general insensitivity to
ion type, ion pairs or polyionic biomolecules, with implications for a
range of charged proteins and cell-perturbing peptides in nature.
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