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This work seeks to identify the mechanisms by which hydronium ions (HsO") modulate the structure of
phospholipid bilayers by studying the interactions of HzO" with phospholipids at the molecular level. For
this, we carried out multiple microsecond-long unrestrained molecular dynamics (MD) simulations of a
POPC bilayer at different HsO" concentrations. The results show that HzO* accumulates at the membrane
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surface where it displaces water and forms strong and long-lived hydrogen bonds with the phosphate and
carbonyl oxygens in phospholipids. This results in a concentration-dependent reduction of the area per
lipid and an increase in bilayer thickness. This study provides an important molecular-level insight into the
mechanism of how HzO" modulates the structure of biological membranes and is a critical step towards a
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1 Introduction

Phospholipids are the major components of cell membranes in
all living organisms." Phospholipid bilayers are thus routinely
used as model systems for mammalian and bacterial mem-
branes to investigate their structural, chemical and physical
properties.” Besides lipid composition, environmental factors
such as temperature, salt concentration, ionic strength and pH
affect the properties of membranes and lipid bilayers, including
their structure, level of fluidity, interfacial tension, conduction
and ion permeability. The effect of temperature,® pressure®’
and salt®"! on lipid bilayers has been studied extensively over
the past decades. In contrast, less is known on the effect of pH
on the structure of membranes despite its important role in a
range of biological processes, including the stability and integ-
rity of the lysosomal membrane,'* the formation of cholesterol-
enriched domains®® and drug partitioning.'*'*> Furthermore,
extracellular acidosis has been associated with inflammation®
and various pathological states (for example tumour growth,”*8
ischaemic stroke® and epileptic seizures®’). The effect of pH on
biological membranes is also relevant to understanding how
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better understanding of the effect of low pH on mammalian and bacterial membranes.

some organisms have adapted to living in extreme pH
environments®' and the design of acidophilic bacteria for bio-
mining and other biotechnology applications.?>

Most studies on the effect of pH on membranes have
focused on the physical, electrical and mechanical properties
of phospholipid bilayers rather than the molecular interactions
of the hydronium ions with the phospholipids. As summarised
by Koynova and Caffrey,”® at a pH < 3 in the bulk aqueous
solution, a range of fully hydrated, saturated diacyl and dialkyl
glycerophospholipids bilayers, including phosphatidylcholines
and phosphatidylcholine analogues show an increased lamellar
gel-to-liquid crystalline phase-transition temperature.**™>°
Furthermore, using a range of experimental techniques such
as micropipette aspiration, fluorescence spectroscopy and elec-
trophoresis, Zhou and Raphael characterised the mechanical
and electrical properties of a 2-oleoyl-1-stearoyl-sn-glycero-3-
phosphocholine (SOPC) bilayer at pH 2-9.>° Based on measure-
ments of {-potential and dipole moments, the authors concluded
that pH-induced changes in membrane bending stiffness stemmed
from alterations in interfacial rather than intra-membrane electro-
statics. In another study, Petelska and Figaszewski proposed a
theoretical model to describe the effect of pH on interfacial tension
in the vicinity of the isoelectric point of a phosphatidylcholine lipid
bilayer based on interfacial tension measurements of a solvent-
formed egg phosphatidylcholine bilayer.>® The authors then
extended their model to describe the adsorption of the H" and
OH™ ions to the surface of phosphatidylcholine and phospha-
tidylserine bilayers for pH ranges within and outside the iso-
electric point.>> Whilst these studies provided some insight
into the effect of pH on macroscopic properties of phospholipid
bilayers, they did not provide structural information at the
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molecular level of solvent-free bilayers. That is, none of the
methods used can report on the molecular interactions
between lipids and H;O" or OH™ ions, and how these inter-
actions might differ from and compete with hydrogen bonding
of lipids with H,O. Indeed, rather than studying the effect of
protons and hydronium ions on the phospholipid bilayer, most
experimental and theoretical studies have focused on the trans-
fer of protons or hydronium ions across the surface of biological
membranes, a process critical to energy metabolism.>*™® In
addition, the intricate interactions of water with phospholipids,
in particular how interfacial water can cross-link phospholipid
head groups via hydrogen bonds, has been investigated experi-
mentally and in simulations.’***

It has been recognised for some time that water can cross-
link phospholipid head groups via hydrogen bonding to the
oxygens present at the interface.*’™® Glycerophospholipids pro-
vide a number of hydrogen-bonding sites. In phosphatidylcholines
such as POPC (2-oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine)
these include the carbonyl oxygens in the sn-1 (referred to as O1A)
and sn-2 chains (O2A) and the two non-ester phosphate oxygens
(OP1 and OP2), as illustrated in Fig. 1. Note, the oxygens OP1 and
OP2 are chemically equivalent through resonance and both P-O
bonds have a 1.5-bond character owing to sharing of the
negative charge. Recently, Cranfield et al. proposed a model
to account for the pH-induced structural changes in model
membranes through the modification of water-lipid hydrogen
bonds.*> Specifically, the conductance and capacitance of
tethered phospholipid bilayers in bathing solutions at
acidic and alkaline pH were determined using AC impedance
spectroscopy and DC-ramped amperometry. In addition, the
thickness and water content of the bilayers were examined
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using neutron reflectometry. It was suggested that the varia-
tions in membrane conductivity and water penetration into the
bilayer observed at low pH was caused by H;O" ions competing
with and disrupting water-bridged intermolecular hydrogen
bonds between lipid molecules. Furthermore, it was hypothesised
that the observed decrease in area per lipid was due to an
enhanced stability of hydrogen bonds of H;0" with the phos-
phate and carbonyl oxygens in lipids.

In this study, we examine the interactions of H;O' ions
with a POPC bilayer at a molecular level using multiple
microsecond-long unrestrained molecular dynamics (MD)
simulations at H;O" concentrations of 0.4 and 0.04 M. While
bulk-phase concentrations of 0.4 M and 0.04 M for the hydro-
nium ion may seem high (equivalent to bulk-phase pH values of
about 0.5 and 1.5, respectively), a range of experimental®*3>4¢*7
and computational*®™' studies have suggested that the H;O"
concentration is significantly higher on the membrane surface
than in the bulk water phase, and that the interfacial water layer
may act as a barrier for ions which would contribute to retarding
surface-to-bulk H;0" equilibration and separating the surface of
a membrane from the bulk. Indeed, calculations of the potential
of mean force of the hydrated excess proton near phospholipid
bilayers in atomistic simulations have indicated that the inter-
facial pH could be as low as 3 when the pH of the bulk water
region was taken as 7.>' This would imply that in the experi-
ments performed by Cranfield et al.*® at a bulk-phase pH of 5,
the local concentration in hydronium ions at the surface of the
model membranes could be within a range comparable to that
used in the simulations.

In summary, the results presented here show that H;O" ions
accumulate at the water-lipid interface where they displace water.

(0]
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Fig. 1 Structure of a POPC lipid molecule showing the hydrogen bonding sites on the carbonyl and phosphate oxygens (A) and chemical moieties (B).

The oxygens OP1 and OP2 are chemically equivalent through resonance.
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The H;0" ions form short and long-lived hydrogen bonds with the
phosphate and carbonyl oxygens with a particular preference for
the sn-2 carbonyl oxygen. The strong hydrogen bond network
results in a decrease of the area per lipid and an increase in the
bilayer thickness in agreement with previous experimental
studies®® and consistent with the increase in the lamellar gel-to-
liquid crystalline phase-transition temperature in phosphatidyl-
cholines and phosphatidylcholine analogues.>*° The combined
results from these simulations are supportive of the hypothesis by
Cranfield et al. that the strong hydrogen bonding capacity of
H;O" is the origin of the pH-induced changes in the structure of
phospholipid membranes.*

2 Experimental
Model systems

Three simulation systems were examined with H;O" concentra-
tions, denoted [H;0'], of 0, 0.04 M and 0.4 M (Table 1). Each
system consisted of a preassembled bilayer of 512 POPC
molecules and at least 13 000 water molecules; that is, at least
45 water molecules per lipid to ensure a fully hydrated state.
The POPC bilayer in the absence of H;O" ions was taken from
previous studies.>*>* The system consisting of a POPC bilayer
with 0.04 M and 0.4 M [H;0'] were prepared by randomly
adding 16 and 164 H;O" ions, respectively.

Simulation parameters

All simulations were performed using GROMACS version
4.6.7,>* in conjunction with the GROMOS 54A7 force field*®
and parameters for POPC developed by Poger et al.”* This force
field has been shown to reproduce a range of lipid-packing,
chain-ordering and hydration properties of phosphatidyl-
choline bilayers.>>>*>%>” Parameters for the H;O" ion compa-
tible with the GROMOS 54A7 force field were obtained from the
Automated Topology Builder (ATB; https://atb.uq.edu.au).’®>°
Briefly, the partial charges of the oxygen and hydrogen atoms
were —0.587e and 0.529e, respectively, giving an overall charge
of +1 to the ion. The O-H bond length and the H-O-H angle
were set to 0.0983 nm and 109.50°, respectively (see also Fig. S1
in the ESIT). The structure and parameter files can be down-
loaded from the ATB (molid 3859). The ATB has been thoroughly
tested and validated using a large set of small molecules to
reproduce hydration free enthalpies. Parameters are produced
based on QM calculations and charge group partitioning®®
optimised for small molecules used in biomolecular simula-
tions. The model used for the hydronium ion in this study, in

Table 1 Overview of simulation systems listing the number of HzO" ions
added and the resulting HzO% concentrations. Each simulation system
contains a preassembled bilayer of 512 POPC molecules. The simulations
for the neutral system were taken from previous studies®>3

System name H;0" ions [H;0] Simulations (ps)
Neutral — — 2x1
0.04 M 16 0.04 M 3 x1
04 M 164 04 M 3 x1

This journal is © the Owner Societies 2018

View Article Online

Paper

particular the atomic partial charges and the ion geometry,
was similar to other models employed successfully in previous
simulation studies.®’”®” Such a model does not allow for bond-
breaking or creation and therefore ignores any proton hopping
as proposed in the Grotthuss mechanism.®®®® Likewise, it is
assumed that the excess proton is localised on a single water
molecule forming a hydronium cation, rather than being delo-
calised over multiple water molecules and changing between
different species, such as the Eigen (Hy0,") and Zundel cations
(H50,").°%7° Solvent water was described using the simple point
charge (SPC) water model.”* All systems were subject to rectan-
gular periodic boundary conditions. The systems were simulated
using a 2 fs time step. Both temperature and pressure were
maintained close to their reference values of 303 K and 1 bar,
respectively, using the Berendsen weak-coupling method.”” For
temperature coupling, a time constant of 0.1 ps was used. For
semi-isotropic pressure coupling a time constant of 1 ps alongside
an isothermal compressibility of 4.65 x 10~° bar " were used. The
LINCS algorithm”® was used to constrain the lengths of all bonds
in lipids. Nonbonded interactions were evaluated using a single-
range cutoff scheme whereby interactions within a 1.4 nm cutoff
were calculated at every step and the pair list was updated every
5 steps. Previous work with the GROMOS force field used a
twin-range cutoff scheme but its association with the current
implementation of the integrator in GROMACS leads to artefacts
in the collective properties of a lipid bilayer.”* Despite some loss
in computational efficiency, using a single-range cutoff scheme
was found to counterbalance those artefacts.”* To correct for the
truncation of electrostatic interactions beyond 1.4 nm a reaction-
field correction’® with a relative dielectric constant (g;) of 62 was
applied. The systems with 0.04 and 0.4 M [H;0"] were simulated
in triplicate and the reference system without H;O' ions was
simulated in duplicate, each time using randomly assigned
starting velocities. All simulations were 1 ps long.

Changing the protonation state of the phosphate group in
POPC as a result of the high concentration in hydronium ions
used in the simulations was not considered insofar as the value
of the pK, of the phosphate group in phosphatidylcholines has
remained unclear given the various estimates reported includ-
ing 0.8,"* <1,7® 1.0,** 1.3,”” <1.5® and 2.25.”% Even for the
isolated phosphate group alone, a pK, value as low as —1.54 has
been proposed for dimethyl phosphate.®’ In addition, those
estimates relied on critical assumptions that intrinsically limited
their accuracy. For example, Monceli et al.”® determined a value
of pK, of 0.8 assuming that the area per lipid was constant and
corresponded to that of a fluid-phase phosphatidylcholine
bilayer (0.65 nm?®), and that the properties of interfacial water,
that is the water layer residing near the membrane surface, was
the same as those of bulk water, in particular the dielectric
permittivity. However, both of those assumptions have proven
arguable since it was shown that variations in pH induced phase
transition in lipid bilayers.>*?%3%8

Setup of membrane simulation systems

The systems containing 0.04 M and 0.4 M [H;0"] were generated
by adding 16 and 164 H;O" ions in the water slab, respectively, to
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the 521 POPC lipid bilayer at neutral pH (Table 1). The positive
net charge of the systems containing H;O" ions was neutralised
by adding Cl~ anions. Additional Na* and Cl~ ions were used
to obtain a final concentration of 0.15 M NaCl. All the ions
(H;0", Na" and Cl7) were added to the hydrated systems by
replacing water molecules selected randomly. Each system was
energy-minimised using a steepest-descent algorithm and then
simulated for 5 ns with all lipid atoms position-restrained to
allow the water and ions to relax, followed by the production
simulations.

Setup of ‘bulk’ water simulation systems

To validate the parameters of H;0" a 40 ns simulation of ‘bulk’
water with 0.04 M [H;0'] and 0.15 M NaCl was carried out. For
this, a cubic box of side lengths 6.5 nm containing 9081 water
molecules and 6 randomly positioned H;O" ions was created.
The positive charge of the system was neutralised with 6 Cl™
anions and additional Na” and ClI~ ions were used to obtain a
final concentration of 0.15 M NaCl. The system was energy-
minimised using a steepest-descent algorithm and then simu-
lated for 40 ns saving frames every 2 ps.

Data analysis

Unless stated otherwise trajectories from independent simula-
tions were analysed separately. Analysis was carried out using
GROMACS tools®* and the MDAnalysis package.®' The area per
lipid was calculated using the lateral dimensions of the box
(in the xy plane) divided by the number of lipids per leaflet. The
bilayer thickness was derived from the electron density profile
of the phosphorus atoms of the system along the bilayer
normal (taken as the z axis) and corresponded to the distance
between the two maxima of the electron density. Distribution of
distances between H;O" ions were calculated using oxygen-
oxygen distances from the last 500 ns of the trajectory. For
hydrogen bonding analysis, a 0.35 nm cut-off for the radius and
a 30° for the angle were used. Contacts between phosphorus
atoms in the POPC molecules and H;O" ions and water,
respectively, were calculated using the centre of mass of the
P atom, the H;0" ions and water, respectively, and a 0.4 nm cut-
off. Unless otherwise stated, uncertainties are given as +1
standard deviation.

3 Results

The results section is divided into four parts: (i) validation of
the H;0" model, (ii) the effect of H;0" ions on the structure of
the lipid bilayer; (iii) the accumulation and location of the
H;0" ions in the lipid bilayer; and (iv) the hydrogen bonding
network in the phosphate, glycerol and carbonyl of the lipid
bilayer.

validation of the H;0" model

Over the past three decades a wide range of force-field para-
meters for the hydronium ion have been proposed. The geo-
metric parameters (bond lengths and angles) used as well as
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the partial charges, van der Waals parameters, the presence or
absence of polarisability, and the inclusion of virtual sites in
these models vary considerably (see ref. 61-67, 82 and 83 and
references therein). In the classical model presented here, the
partial charges are 0.529¢ and —0.587¢ on the hydrogen and
oxygen, respectively, and the Lennard-Jones parameters for
the oxygen atom are ¢ = 0.84 k] mol ' and ¢ = 0.29 nm
(see also Fig. S1, ESIT). These parameters are based on DFT
calculations (B3LYP/6-31G*) and charge group assignments
that have been optimised for small molecules in biomolecular
simulations,’® and implemented on the ATB.*®**° Also, our
model of H;0" is consistent with the force field and SPC
water model used in our simulations of the hydrated bilayers.

As a validation of our model of H;0O", a 40 ns simulation
of 0.04 M H;0" in water with 0.15 M NaCl was carried out.
The radial distribution function (RDF; Fig. S2, ESIt) between
the oxygen in H;0" and the oxygen in water shows a first peak
at 0.25 nm. This is in excellent agreement with earlier simulation
studies of H;O" in solution using classical non-polarisable force
fields for H;0™.°>** The RDF also agrees well with simulations
using a more complex model of H;O" that takes into account the
interaction of an exchange charge distribution of the charge-
transfer complex.®?

Effect of H;0" ions on membrane structure

The area per lipid Ay, and the bilayer thickness d are important
properties to describe the structure and the degree of
packing within a bilayer, which are thus indicative of the level
of fluidity of a lipid bilayer.’® Fig. 2 shows the time-dependent
variation of Ay, and d calculated from the simulations of a POPC
lipid bilayer with 0.04 M and 0.4 M H;0" in comparison to the
Ay and d from the simulations of a POPC bilayer in the absence
of H;0" (referred to as neutral). As can be seen, all the systems
reached equilibrium within about 0.5 ps and 4y, and d fluctu-
ated around their average values over the last 0.5 ps. In the
absence of H;O" ions, the average values for A, and d over the
last 0.5 ps of the two simulations were 0.628 4 0.007 nm? and
3.80 £ 0.16 nm, respectively. This is in good agreement with
simulation and experimental values previously reported for a
fluid-phase POPC bilayer.”***%%5% In contrast, 4; decreased
and d increased at higher H;0" concentrations, that is
Ap, = 0.572 £ 0.006 nm” and d = 4.02 & 0.14 nm at 0.04 M
[H;0"], and Ay = 0.514 + 0.003 nm? and d = 4.32 + 0.13 nm, at
0.4 M [H;0"] over the last 0.5 ps of the three simulations.

Accumulation of H;O" ions at the water-lipid interface

At the start of the simulation, the H;O" ions were randomly
distributed in the bulk solvent. Shortly after the start of the
simulation the H;0" ions migrated to the water-lipid interface
as reflected in the sharp increase in the average number of
contacts formed between the phosphorus atom (P) and H;0"
ions at the cost of contacts between P and water molecules
(Fig. 3). The time-dependent variation of these contacts suggests
that the number of H;O' ions at the water-lipid interface
reached a steady state after about 300-400 ns. This is consistent
with the convergence of the area per lipid and the bilayer

This journal is © the Owner Societies 2018
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Fig. 2 Effect of HsO" ions on the structure of a POPC lipid bilayer from 1 ps of unrestrained MD simulation. Area per lipid (A|) (A) and membrane
thickness (d) (B) as a function of time from simulations of neutral POPC (grey, brown) and in the presence of 0.04 M [HzO"] (blue, magenta, indigo) and
0.4 M [H30™] (black, light green, dark green). A, and d are shown as moving averages over 100 and 50 data points, respectively.

thickness (Fig. 2), which further highlights that the simulations
were at equilibrium over the last 0.5 ps of simulation. For the
rest of the simulations the H;O" ions remained at the water-lipid
interface.

To determine the location of the hydronium ions at the
water-lipid interface, the electron density profiles of the phos-
phate, choline, sn-1 carbonyl and sn-2 carbonyl groups as well
as water and H;O" ions along the bilayer normal were calcu-
lated using data from the last 0.5 us of the simulations. Fig. 4
displays the electron density profiles from simulations of POPC
in the absence of H;0" (A) and in the presence of 0.04 M [H;0"]
(B) and 0.4 M [H;0"] (C). For clarity, the density of H;0" from
simulations with 0.04 M [H;0'] has been multiplied by 10.
Comparing the density profiles of water in the three graphs
shows a receding of the water density from the centre of the
bilayer with increasing H;O" concentration. This effect is
absent in the simulations of POPC without H;0" ions and thus
further confirms that water at the membrane surface is being
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displaced by H;O" ions. Furthermore, the position of the
electron density for H;0O" reveals that H;0" ions are located
below the phosphate group close to the carbonyl groups.

Hydrogen bonding of H;0"

As illustrated in Fig. 1 the POPC molecule has several hydrogen-
bonding sites through which it can interact with H;0" and H,0.
Fig. 5A shows histograms of hydrogen bonds per H;O" ions for
the different lipid oxygens calculated from the last 200 ns of the
0.04 M [H;0'] and 0.4 M [H;0'] simulations. The carbonyl
oxygen in the sn-2 chain O2A formed between 2.0 to 2.5 hydrogen
bonds per H;O" while the non-ester phosphate oxygens OP2 and
OP1 formed about 1.0 and 0.5 hydrogen bonds per H;O",
respectively. In contrast, the carbonyl oxygen in the sn-1 chain
0O1A formed almost no hydrogen bond with the H;0" ion. These
results suggest that H;O" has a strong preference for the
carbonyl oxygen in the sn-2 chain. The lifetime of the hydrogen
bonds was estimated by calculating the occupancy, that is, the
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Fig. 3 Number of contacts between phosphorus atoms in the POPC molecules and HzO™ ions and water, respectively, calculated from simulations of a
POPC lipid bilayer in the presence of 0.4 M [HzO"] (A) and 0.04 M [HzO"] (B). Data from the three independent simulations is shown (grey, black and
brown). The number of contacts are normalised by the number of lipids in the system.
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Fig. 4 Electron density profiles of a POPC lipid bilayer in the absence of
HzO" (A) and in the presence of 0.04 M [HzO*] (B) and of 0.4 M [H307] (C).
Each density profile shows the electron density p as a function of the
distance from the centre of the bilayer z for the phosphate (red), choline
(green), sn-1 (magenta) and sn-2 (orange) carbonyl groups as well as water
(blue) and HzO* ions (black) calculated from the last 0.5 ps of the
simulations. For clarity, the density of HzO' from simulations with
0.04 M HzO™ (B) has been multiplied by 10.

fraction of time during which the hydrogen bond is present.
Fig. 5B lists the occupancy of hydrogen bonds formed by the
different lipid oxygens with water and H;O" ions. For a given
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oxygen, the occupancy was averaged over the three independent
simulations of a POPC lipid bilayer in the presence of 0.04 [H;0']
and 0.4 [H;0'], respectively. As can be seen, the hydrogen bonds
for all lipid oxygens exhibited greater occupancies for H;O' than
for water, in particular for O2A. For all oxygen, there is no
significant difference between the 0.4 [H;0'] and 0.04 [H;0']
simulations suggesting that the effect is not dependent on the
specific H;0" concentration.

Fig. 5C and D show the probability distribution of the
donor-acceptor distance for the hydrogen bonds formed by
the lipid oxygens with H;0" (5C) and water (5D). Comparison of
the two plots shows that for both H;0" and water the average
hydrogen bond distance is the shortest for O24A, followed by
O1A. The bonds with OP1 and OP2 are the longest. However,
for all four lipid oxygens the average hydrogen bond distances
are slightly shorter for H;0" compared to water. In addition, the
distribution for the hydrogen bonds with H;O" are narrower.

Bonding arrangement of lipids around the H;0" ion

Next, we investigated the packing of lipids around H;O" ions.
To determine the most likely arrangement of lipids around
H;0" a list of all possible hydrogen-bonding arrangements
for the H;O" was prepared. For example, a H;O" ion can be
interacting with two O2A oxygens and one OP1 oxygen or one
0O2A oxygen and two OP1 oxygens or one O2A, one OP1 and one
OP2 etc. The occurrence of each possible arrangements over
the full-length of the 1 ps simulation was calculated as the
frequency of finding all lipid oxygen within 0.2 nm of a given
H;0". The data was averaged over the three independent
simulations with 0.04 M [H;0'] and 0.4 M [H;0"], respectively.
The occurrence for the four most populated arrangements is
shown in Table 2. Comparing the data from simulations with
0.04 M [H;0'] and 0.4 M [H;0'] shows that the standard
deviations are much larger for simulations with 0.04 M [H;0"]
due to the much lower number of the H;0" ions (16 vs. 164).
Nevertheless, the order of the four most populated arrangements
is the same in two simulation systems.

Fig. 5A and B show examples of the two arrangements with
the highest occurrences. Together, these account for almost
two thirds of hydrogen bonding arrangements across the 3 ps
of the 0.04 M [H;0"] and 0.4 M [H;0"] simulations. In the most
populated arrangement (42%), H;O" interacts with two O2A
oxygen and one OP1 oxygen (Fig. 5A). In the second most
common arrangement (22%), H;0" hydrogen bonds with three
O2A oxygen (Fig. 5A). In both cases, the ion is surrounded by
three lipids.

4 Discussion

Despite the important role of pH in biological processes and
the association of acidosis with various pathophysiological
states little is known about the effect of the H;0" ion on the structure
of phospholipid membranes. In this study, we aimed to characterise
the molecular interactions with the H;0" ion and phospholipids and
its effect of the structure of a phospholipid bilayer. For this we
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Fig. 5 Hydrogen bonds (H-bonds) between lipid oxygens. (A) Histograms of H-bonds per HzO" ions for the different lipid oxygens calculated from
simulations of a POPC lipid bilayer in the presence of 0.04 M [H3O*] and 0.4 M [HsO"]. For each oxygen, the number of H-bonds were averaged over the
last 200 ns of the simulation from the three independent trajectories. (B) Occupancy of H-bond formed by the different lipid oxygens with water and
HsO" ions, respectively. For each oxygen, the occupancy was calculated over the full lengths of the trajectory and then averaged over the three
independent simulations a POPC lipid bilayer in the presence of 0.04 M [HzO*] and 0.4 M [HzO"], respectively. (C and D) Probability distribution of
donor-acceptor distances distance for the hydrogen bonds formed by the lipid oxygens with the HsO* ion (C) and water (D) calculated from the last
500 ns of simulations of POPC in the presence of 0.4 M [HzO"]. In summary, the analysis indicates that HzO* forms stronger and longer-lived hydrogen

bonds with the lipid oxygen compared to H,O.

Table 2 Occurrence for the different arrangements of lipid oxygen
observed in simulation of POPC in the presence of 0.04 M [HzO*] and
0.4 M [Hs0"]. Occurrences were calculated using the full-length of the
1 ps simulation and a 0.2 nm cut-off, and averaged over the three
independent simulations of 0.04 M [HsO*] and 0.4 M [H5O"], respectively.
In each arrangement, the HzO™ ion interacts with three oxygen from three
lipid molecules. Errors are standard deviations

Occupancy
Arrangement 0.04 M [H;0'] (%) 0.4 M [H;0'] (%)
2 024, 1 OP1 45 + 11 36+ 1
3 024 24 £11 19+2
2 024, 1 OP2 741 11+1
1 024, 2 OP1 4+3 6+0

carried out unrestrained MD simulations of POPC lipid bilayers in
the presence 0.04 M and 0.4 M [H;0'] and combined this with data
from simulations of POPC in the absence of H;O".°

This journal is © the Owner Societies 2018

Analysis of the structure of the bilayers showed that in
simulations with 0.04 M and 0.4 M H;0" the area per lipid 4,
dropped by about 8% and 18% compared to a fluid-phase POPC
bilayer without H;0" ions (Fig. 2A). At the same time the bilayer
thickness d increased by about 6% at 0.04 M H;0" and 14% at
0.4 M H;0" (Fig. 2B). This would indicate that the presence of
H;0" ions induced a reduction in the level of the fluidity of the
bilayer. These observations are consistent with recent neutron
reflectometry experiments on phospholipids that showed an
increase in the outer leaflet tail thickness of about 4% as the pH
was decreased from 9 to 5,*> as well as the gel-like character-
istics and the reduced elasticity observed in SOPC bilayers at
pH 2.%° In addition, a number of studies have shown that for bulk
pH < 3, the lamellar gel-to-liquid crystalline phase-transition
temperature for a range of phosphatidylcholines and phosphati-
dylcholine analogues is increased by about 10 °C.>*?*?6:282963
The concomitant change in A;, and d can be interpreted in terms
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of the critical packing parameter (CPP). For a system of constant
molecular volume, the molecular shape can be determined by the
CPP defined as the ratio v/(a,l), where v is the hydrated molecular
volume, a, is the interfacial molecular area and [ is the length of
the lipid chains. The CPP can reflect a property of a heterogeneous
molecular assembly where the individual components which may
include lipids, sterols and peptides can combine to provide an
averaged CPP. The membrane geometry influenced by the aver-
aged CPP will modulate the physical properties of the membrane
such as membrane thickness and conduction.**®” That the POPC
bilayer remained planar (CPP ~ 1) in all simulations at 0.04 M and
0.4 M [H;0"] suggests that the term a,l approximated as A;d was
constant at both [H;0"] concentrations and that the increase in
d closely matched the decrease in Aj.

The analysis of the location and hydrogen bonding of H;0"
enabled us to identify the molecular interactions that underlie
these changes. Results from the electron density profiles indicate
that H;O" sequesters into the water-lipid interface where it
displaces water. The H;O" ion accumulates slightly below the
phosphate group close to the carbonyl oxygens (Fig. 4). This
agrees with previous simulations studies of a proton excess or
hydrated protons at the surface of DMPC,>* DOPC or DOPE
bilayers.*>*" In these studies, the free energy profiles showed a
strong membrane surface affinity for the protons and the H;O"
was shown to interact with both the phosphate and carbonyl
oxygen. These observations from simulations are in line with the
results from measurements of the (-potential by Zhou and
Raphael®® which indicated that H;O" ions alter the interfacial
electrostatics by acting as counterions at the water-lipid inter-
face. The same study also reported that there are no changes in
the intra-membrane electric properties, as measured by the
dipole moment. This suggest that H;O" ions do not enter the
hydrophobic core of the membrane, which is also in agreement
with the data from our simulations.

The hydrogen bond analysis suggests that the H;0" ions show
a preference for the carbonyl oxygen in the sn-2 chain (024)
followed by the non-ester phosphate oxygen (OP1). There are
little to no hydrogen bonds formed by H;0" and the other non-
ester phosphate oxygen (OP2) and the sn-1 carbonyl oxygen
(O1A). The three hydrogen bonding sites on H;O' combined
with this preference means that the majority of the time H;O" is
surrounded by three lipid molecules forming hydrogen bonds
with either three O2A or two O2A and one OP1 oxygens, as
depicted in Fig. 6. This is consistent with the observations
reported previously in which the pH dependence of POPC which
contains ester carbonyl groups resulted in a 245-fold change
in conduction between pH 5 and pH 9 of the bulk solution
compared to an 8-fold change in conduction for an ether-lipid
containing no carbonyls.*> Previous simulations of hydrated
protons with DOPC bilayers suggested that in the deep interface
region, closer to the hydrophobic core, a distorted Zundel cation
(H50,") can bridge between the phosphate and carbonyl
oxygen.’" Note that the results from this study cannot be directly
compared to data from this study as in our simulations a
hydronium cation was used where the excess proton is localised
on a single water molecule rather than a Zundel cation.
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A Most populated arrangment
2 0O2A, 1 OP1 (3 lipid molecules)

S e —————

2" most populated arrangment
3 O2A (3 lipid molecules)

Fig. 6 The two most common hydrogen bonding networks formed by
HsO™" ions and POPC lipids observed in simulations of a POPC lipid bilayer
in the presence of 0.4 M [HzO%] and 0.04 M [H3zO]. (A) In the most
populated arrangement a HzO" ion forms hydrogen bonds with the sn-2
carbonyl oxygens (O2A) from two lipids and the non-ester oxygen (OP1)
from a third lipid. (B) The second most common arrangement in which
HsO" ion forms hydrogen bonds with the sn-2 carbonyl oxygens (O2A)
from three lipids.

Combined, these results clearly indicate that H;0" ions form
a distinct hydrogen bonding network with the polar lipid
oxygen that is different from the one formed by water mole-
cules. Even at low pH the concentration of water (55 M) and Na*
ions (0.15 M) exceeds the concentration of H;O" by at least
3 orders of magnitude, yet it is the interactions of H;O" with the
lipid head groups that alter the structure of the membrane. The
small size and positive charge of H;0" results in a high-field
strength providing it with the ability to form strong non-
covalent interactions with the polar oxygen in the lipid mole-
cules. In our simulations, this is evident in the shorter and
longer-lived hydrogen bonds of H;0" when compared to the
ones by H,O. The lifetimes of the hydrogen bonds and the
relative occupancies for the different lipid arrangements is
likely distorted by the absence of ability for proton transfer.
To obtain accurate lifetimes for hydrogen bonds and relative
stabilities of the different bonding arrangement would require
the use of a model that allows for proton hopping and charge
transfer delocalization, which is beyond the scope of this study.
Nevertheless, on a qualitative level the longer-lived H-bonds
observed in our simulations are in agreement with significantly
reduced proton transfer rates at membrane surface reported in
previous simulations.>® The increased stability of hydrogen bonds
formed by the H;O" ion can also be related to the diffusion
of protons and hydronium ions across membrane surfaces.
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For example, based on the energetics and mobility of protons
near a solvated DMPC bilayer Wolf et al.’° observed anomalous
diffusion ‘“characterized by a short subdiffusive regime (1 ns)
and a subsequent superdiffusive regime” where the subdiffusive
regime results from the H;O' ion being tightly bound to lipids.
Similarly, Yamashita and Voth®" reported that the “lateral diffusion
coefficients are 1 order of magnitude smaller in the interface region
than in bulk water for all the lipids.”

Overall, the simulations are consistent with the model of
lipid bilayers and biological membranes in a low-pH environ-
ment that has emerged from a range of experimental studies.
Specifically, lipid bilayers and membrane undergo a reduction
in the decrease in area per lipid that stems from an increase in
the stability of the hydrogen bonds between lipids and hydro-
nium ions H;0". At high H;0" concentration (that is acidic pH),
H;0" ions accumulate at the membrane interface where they
form strong hydrogen bond networks with the carbonyl and
phosphate oxygen. This results in a condensation of the lipids
onto the H;0" ion resulting in a reduced area per lipid A;.

5 Conclusions

To the best of our knowledge this is the first study that reports,
at the molecular level, the interactions between H;O" and
phospholipids and its effect on the structure of phospholipid
bilayers. Our results indicate that the H;O" ions partition into
the water-lipid interface where they displace water and form
strong and long-lived hydrogen bonds with the phospholipid
phosphate and carbonyl oxygens. These strong interactions
result in a reduced area per lipid and an increased bilayer thick-
ness. In order to quantitatively predict this effect, more concentra-
tions would need to be examined but this was beyond the scope
of the present study. Additional studies will also be required to
investigate this effect in more complex membranes.
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