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ARTICLE INFO ABSTRACT

Keywords: Up to half of the cellular energy gets lost owing to membrane proton leakage. The permeability of lipid bilayers
Proton potential to protons is by several orders of magnitude higher than to other cations, which implies efficient proton-specific
Bioenergetics passages. The nature of these passages remains obscure. By combining experimental measurements of proton
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flow across phosphatidylcholine vesicles, steered molecular dynamics (MD) simulations of phosphatidylcholine
bilayers and kinetic modelling, we have analyzed whether protons could pass between opposite phospholipid
molecules when they sporadically converge. The MD simulations showed that each time, when the phosphorus
atoms of the two phosphatidylcholine molecules got closer than 1.6 nm, the eight oxygen atoms of their ester
linkages could form a transmembrane ‘oxygen passage’ along which several water molecules aligned into a water
wire. Proton permeability along such water wires would be limited by rearrangement of oxygen atoms, which
could explain the experimentally shown independence of the proton permeability of pH, H,O/D,0 substitution,
and membrane dipole potential. We suggest that protons can cross lipid bilayers by moving along short, self-

sustaining water wires supported by oxygen atoms of lipid ester linkages.

1. Introduction
1.1. Properties of proton flow across lipid bilayer

In humans, up to half of the cellular energy gets lost because of
proton leaks through mitochondrial membranes [1,2]. In membranes of
mitochondria, as well as in other energy-converting membranes, di-
verse enzyme complexes generate the electrochemical potential of
protons (proton potential) over the membrane, which is then used
mostly for the synthesis of ATP [3-5]. While most protons, being pu-
shed by membrane voltage of > 200,000 V/cm, go through ATP syn-
thases, some protons shirk and slide between lipid molecules or along
lipid/protein interfaces, which leads to major energy losses. The proton
leakage is so extensive because the permeability of phospholipid
membranes to protons (10 ~410"8%cms T [6-22]) is by many orders of
magnitude higher than that to other monovalent cations, cf with the

permeability coefficients of 107'>-10"'*cms~! for sodium ions
[14,23]. In spite of its physiological importance, the mechanism of
proton leakage through phospholipid bilayers remains obscure.

To avoid high proton leaks, some thermophilic and alkaliphilic
prokaryotes store energy by means of electrochemical potential of so-
dium ions (sodium potential) and use sodium-translocating ATP syn-
thases [24,25]. This sodium-dependent bioenergetics was shown to be
evolutionary primal [26-28]. Apparently, primitive membranes of the
first organisms could not hold the proton potential large enough to
drive the ATP synthesis. Therefore, from the bioenergetics viewpoint,
the evolution of biological membranes boils down to the evolution of
their tightness to protons [5,28-31]. Even in modern organisms, the
tightness of energy-transducing membranes to cations determines the
overall efficiency of energy conversion [5,28,32].

Selectively high proton leakage implies efficient proton-specific
passages not accessible to other monovalent cations. And indeed,
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protons appear to penetrate the lipid bilayer by a specific mechanism.
The proton permeability was shown to be almost independent of pH
[7,14,18,20], in contrast to the concentration-dependent and diffusion-
controlled permeation of other cations [17,33,34]. Biological mem-
branes are characterized by high dipole potential (positive inside);
therefore the permeability for monovalent anions is by factor 10°-10°
higher than for cations [35,36]. Partial collapsing of the dipole poten-
tial by phloretin increased the permeability for cations and decreased
the permeability for anions by the same factor of about 10°% [12,37].
The proton permeability was not affected by phloretin [12], which also
indicates a specific proton translocation mechanism. In addition, proton
permeability was weakly dependent on the H,O/D,0 substitution [12],
but strongly dependent on the fluidity [9] and thickness [17] of the
membrane.

Transmembrane chains of water molecules (so-called water wires)
— similar to those stretching through some proteins [38-40] or peptide
channels such as gramicidin [41,42] — have been suggested to account
for the proton leakage across lipid bilayers [7,14,43,44]. However, the
proton-conducting water wires within peptide channels and proteins
are supported (stabilized) by polar groups of amino acids [41-43]. For
an unsupported water wire in the hydrophobic part of a lipid bilayer, the
enthalpy of formation was estimated to be 108 + 10kJ/ mol [45], not
to mention the large entropy loss upon aligning water molecules in the
hydrophobic phase. The experimentally measured values of activation
energy (E,) of proton permeation were much lower, in the range of
30-70 kJ mol ~! [9,13,16,18], which rules out long, unsupported trans-
bilayer water wires as proton conduits.

To explain the enigmatic independence of H,O/D-,O substitution
[12] and pH [7,14], Gutknecht suggested that the rate of proton per-
meation could be limited by a proton-independent reaction. He hy-
pothesized that non-esterified (free) fatty acids, occasionally released
upon spontaneous hydrolysis of ester bonds of phospholipids, could
carry protons across the membrane [46]. Indeed, an eventual proto-
nation of a fatty acid molecule yields an electrically neutral proton-
carrying vehicle capable of crossing the bilayer by a ‘flip-flop’ me-
chanism. To maintain the proton flow, a fatty acid molecule, after re-
leasing the proton, should “return back” in an anionic form; the overall
rate of proton translocation would be then controlled by the return rate
of anionic fatty acids [47], which is proton-independent. However,
extraction of fatty acids from a phospholipid bilayer decreased the
proton transfer rate only by one order of magnitude [46]. Later, it was
shown that bilayers of archaeal phospholipids, in which polar heads are
linked to isoprenoid tails by non-hydrolizable ether bonds, were only
slightly less leaky to protons than fatty acid membranes of bacteria and
eukaryotes [16,20]. The proton permeability through these membranes
was also independent of pH [16,20], so that the pH-independence of
proton permeability could not be attributed to the kinetic limitation by
translocation of anionic fatty acids.

A rate limitation by a proton-independent reaction was also invoked
in the “cluster contact” model of Haines [48]. This model suggested that
proton can jump between the lipid leaflets when two water clusters
with opposite electric charges meet in the midplane of the bilayer. The
rate of proton transfer would be then determined by the probability of
such encounter, which could explain both the independence of proton
leakage of pH and its strong dependence on temperature and thickness
of the membrane. Voth and colleagues, by using the multistate em-
pirical valence bond (MS-EVB) approach, modelled the behaviour of
protonated water clusters in the hydrophobic part of the membrane and
claimed that such clusters could survive for hundreds of picoseconds
[49]. They discussed their data in the context of the “cluster contact”
model.

The “cluster contact” model [48], albeit highly insightful, appears to
be kinetically implausible. The pK value of the H;0* /H,0 pair in water
is —1.7. In the hydrophobic membrane phase, this value would de-
crease by 2-3 pH units because of desolvation penalty (for its quanti-
tative estimates see Results below and [50]). Accordingly, the pK value
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of the couple H,O/OH ™, which is +15.5 in water, would increase by
the same 2-3 pH units in a hydrophobic environment. The probability
that a positively charged, protonated water cluster (with pK < —1.7)
would meet, in the hydrophobic midplane of a bilayer, with a nega-
tively charged, deprotonated water cluster (with pK> 15.5) is vanish-
ingly small. Furthermore, Voth and colleagues, in their recent paper
[51], have admitted that the long life time of membrane-embedded
protonated water clusters in their earlier calculations [49] was due to
the introduced ban on the interaction of protons with groups other than
water. When such interactions were permitted, “the protonatable sites
of the lipids solvated the hydrated excess proton” (quoted from [51]).
This finding discounts the earlier claims of long-living protonated water
clusters in the membrane [49,52]. Therefore, the cluster contact me-
chanism is unlikely to support high proton permeabilities, as measured
e.g. with phospholipid vesicles [7-21].

Hence, despite a plethora of experimental data [6-21] and many
insightful ideas [7,14,18,22,41,43,44,46,48,53-55], the cause of high
permeability of lipid bilayers to protons remains obscure.

1.2. Hypothesis: Phospholipid-mediated proton permeation

Here, in a search for a proton-independent reaction that could limit
the membrane proton permeability, we explore a scenario where pro-
tons could cross the membrane by going between the phosphate groups
of sporadically converging phospholipid molecules. The volume con-
centration of phosphate groups in the membrane is about 1 M, and their
estimated pK values in the bilayer are in the range of 3.0-4.0 [13,56].
Hence, because of their higher pKa value, phosphate groups of lipids, as
proton acceptors, are superior to water molecules. The involvement of
phospholipids in proton transfer was proposed by DeCoursey, who
suggested that phosphate groups may become protonated neutralizing
their charge, so that lipid molecule could flip-flop across the membrane,
releasing the proton on the other side [22]. Indeed, the estimated pK,
values of lipid phosphate groups in the membrane are comparable with
those of fatty acids, which are apt proton carriers [46,47]. Being con-
nected with the bulk solution by polar “bulges” of water molecules
[52,57], these phosphate groups are in a fast proton equilibrium with
the bulk [51,58]. An interaction of a proton with a negatively charged
phosphate group would yield a neutral (or a quasi-neutral) moiety
[51,59,60], which, as a whole, could enter the hydrophobic membrane
layer. The sinking into the bilayer would increase the effective pK,
value of a lipid phosphate group owing to solvation penalty [35,50], so
that the group could stay protonated. In such a case, the proton would
enter the hydrophobic phase as an electrically neutral phosphate
moiety, similarly to a protonated fatty acid. Still, an efficient proton
transfer by flip-flopping of phospholipid molecules is unlikely. In con-
trast to fatty acids, phospholipid molecules, because of their bulky polar
heads, cannot easily cross the membrane. Their flip-flops take many
hours, so that flip-flopping phospholipids cannot sustain the observable
rates of transmembrane proton transfer. Nonetheless, a protonated lipid
phosphate group may move sufficiently close to an anionic lipid
phosphate group from the opposing leaflet and exchange a proton, for
example, via a short water wire. Proton transfer would be then limited
by the rate of bringing the phosphate groups of two phospholipid mo-
lecules closer to each other. In this case, the proton transfer may pro-
ceed with lower activation enthalpy than a genuine flip-flop of phos-
pholipid molecules (E, > 100kJ/mol [61]). Being constrained by
mobility of phospholipid molecules, this type of proton permeability
could be independent of pH, but should depend on temperature and
lipid dynamics.

To test this scenario, we combined (i) experimental measurements
of proton flow across phosphatidylcholine vesicles, (ii) steered mole-
cular dynamics (MD) simulations of phosphatidylcholine membranes
and (iii) kinetic modelling. Our analysis shows that protons can go
between the phosphate groups of apposing lipids via short water chains
supported by oxygen atoms of lipid ester linkages. The properties of
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Table 1
The list of performed MD simulations.
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System # Type of run Trajectory length, ns Velocity, 103 nm/ns Distance between the two constrained groups, nm
PO[PH]C PO[P"]C
A Equilibrium MD 100 - - -
B, C Productive MD 200, 500 - - -
D PMF calculation 900 1.0 2.0 Varied
E PMF calculation 900 2.0 1.0 Varied
F,G H PMF calculation 600 x 3 2.5 2.5 Varied
1 PMF calculation 500 5.0 5.0 Varied
J PMF calculation 900 2.0 2.5 Varied
K PMF calculation 600 5.0 2.5 Varied
L Constrained MD 200 - - 0.95
M Constrained MD 200 - - 1.05
N Constrained MD 200 - - 1.25
(0] Constrained MD 200 - - 1.35
P,Q R Constrained MD 200 x 3 - - 1.55
S, T Constrained MD 200 x 2 - - 1.65
U Constrained MD 200 - - 2.15

such proton transfer would match the experimentally determined
characteristics of proton leakage through phospholipid bilayers [6-21].

2. Methods
2.1. Preparation of POPC liposomes and their characterization

Chemicals used for preparation of buffer solutions were ordered at
Sigma-Aldrich (St. Louis, US) or Roth (Karlsruhe, Germany). All buffers
were prepared at 40°C, the pH-meter being calibrated accordingly.
Pyranine (trisodium 8-hydroxypyrene-1,3,6-trisulfonate), valinomycin,
nigericin, stocks solutions of sulfuric acid and choline chloride were
derived from Sigma-Aldrich. Pure synthetic 1-palmitoyl-2-oleoyl-phos-
phatidylcholine (POPC) was purchased as chloroform solutions pro-
duced by Avanti Polar Lipids (Alabaster, US).

Liposomes were prepared according to Elferink et al. [62] Lipids
were dried in the glass beaker under stream of nitrogen. Later on,
chloroform was replaced by diethyl ether to get completely rid of or-
ganic solvent using the nitrogen flow. The lipid was hydrated with the
buffer A containing 50 mM 4-morpholinepropanesulfonic acid (MOPS),
pH7.5, 75mM KCl and 25mM choline chloride. The suspension was
several times sonicated in a water bath and the lipid was collected in a
final concentration of 25 mg/ml, which corresponds to the molar con-
centration of approximately 33 mM. After three freeze-thawing cycles
the lipids were stored at —80 °C.

Prior to the experiment, the lipids were extruded through a mem-
brane with 200 nm pores (in a volume of 0.5-1 ml) using the Avanti
Mini-Extruder, then diluted to 2.5ml with the buffer B containing
0.5mM MOPS, pH 7.5, 75mM KCl and 75 mM sucrose. After that, the
outer liposomal buffer was exchanged with buffer B using Sephadex
G25-M column PD 10 column (Pharmacia, Uppsala, Sweden), and the
suspension was finally diluted with buffer B to the final concentration
of 2.5 mg/ml. Liposomes were stored on ice before the measurements.

Dynamic light scattering (DLS) measurements were performed on a
Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK) at
550 nm and 25 °C. Data represent the average of three sets of 14 runs of
10s each. The particle size distribution was obtained by using the
Zetasizer software package ver. 7.02 under the assumption that lipo-
somes were spherically shaped. A LS 55 spectrofluorimeter (Perkin
Elmer, USA) was used for fluorescence measurements. The measure-
ments were performed at excitation and emission wavelengths of pyr-
anine at 450 and 508 nm, respectively. After each addition the sus-
pension was briefly mixed with a glass stick.

2.2. Molecular dynamics simulations

2.2.1. System description

We used the Gromacs program, version 4.5 [63] and a NPT en-
semble with semiisotropic pressure coupling (Parrinnelo-Rahman
barostat [64], time constant 2 ps). The temperature was set at 313K
(Nosée-Hoover thermostat [65,66], time constant 2 ps). Lipid and water
molecules were coupled independently to the heat bath. Periodic
boundary conditions were applied in all three dimensions. All bond
lengths were kept constant using LINCS algorithm [67]. The time step
was 5fs due to the use of heavy hydrogen atoms, the simulation time
was up to 1 microsecond. Long-range electrostatic interactions were
treated with the PME algorithm [68] (real space cutoff 1 nm, FFT grid
spacing 0.18 nm). The Lennard-Jones potentials were computed by
using a cutoff length of 1.2 nm.

The simulation system contained 100 POPC molecules and 5429
water molecules. The box size was 5.8 X 5.7 X 8.6 nm, the membrane
plane was perpendicular to the z-axis. The membrane was constructed
using the CHARMM-GUI interface [69] in 0,1 M KCl. One of the lipid
phosphate group was protonated, it is denoted further as PO[PH]C. We
used the CHARMMS36 [70] all-atom forcefield with improved para-
meters for lipids and the TIP3P water model [71]. The system was
equilibrated for 100 ns, then the production MD simulation were per-
formed, see Table 1. We calculated the potential of mean force (PMF)
for two opposed lipid molecules; one of them had a protonated phos-
phate group (PO[PH]C), whereas the other lipid had an anionic phos-
phate group (PO[P]C). The implementation of the PMF method is
specified below. The MD simulations were carried out on super-
computers “Chebyshev” and “Lomonosov” of the Lomonosov Moscow
State University.

The list of all performed simulations is given in Table 1.

The simulations could be divided into four groups:

1) Equilibrium MD simulations — equilibrium MD with no constraints,
equilibration of the system (trajectory A in Table 1);

2) Productive MD simulations — equilibrium MD with no constraints
(trajectories B, C in Table 1);

3) MD simulations to obtain the PMF profiles — non-equilibrium um-
brella sampling MD simulations, where two POPC molecules were
pulled together with different velocities (trajectories D - L in
Table 1);

4) Constrained MD simulations — two phosphorus atoms were con-
strained in three dimensions at different Rpp distances (trajectories
M - V in Table 1). The initial structures were taken from the MD
simulation E, see Table 1.
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2.2.2. Calculation of the potential of mean force (PMF)

The PMF profiles were calculated using the umbrella sampling
method [72,73]. Harmonic potentials with the force constant of
2000 kJ/ mol nm ~2 were applied to the phosphorus atoms of two se-
lected lipids at opposite sides of bilayer, the reference points were
moved towards each other along the z-axis at a constant velocity v, z
(t) = 2o + vt, where 2, is the reference position relative the membrane
center. Additional position restraints were applied to fix the moving
lipids in the xy-plane. The PMF was calculated as an integral of the
averaged applied force. Variation of the pulling velocities in the range
of 1-20 nm/us changed the magnitude of PMF in the middle of mem-
brane not more than by 10 kJ/mol, which indicates that perturbations
of the system were adiabatic.

2.2.3. Visualization
Visualization of the MD simulation data was performed by the VMD
software [74].

3. Results

3.1. Measurement of the activation enthalpy of proton permeation across
phosphatidylcholine vesicles

The published E, values for proton permeation across lipid bilayers
[9,13,16,18] vary in a rather broad range from approx. 70 kJ/mol [9]
to approx. 30 kJ/mol [13]. To specify the E, value of proton permea-
tion, we measured the proton transfer across the membranes of lipo-
somes made of synthetic 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (phosphatidylcholine, POPC), i.e. exactly the same
phospholipid that we used in our MD simulations.

We followed the approach pioneered by Deamer and co-workers
[7,14,17]. Membrane vesicles (liposomes) were prepared according to
Elferink et al. [62]. The particle size distribution, as determined by DLS,
yielded an average diameter of 150 nm (Fig. S1 in Supplementary
material, SM).

The liposome suspension (2 ml) was mixed with 10 uM pyranine in a
cuvette and then heated to the appropriate temperature inside the
cuvette holder. Then, 1.5uM valinomycin were introduced to the
system followed by acidification by 400nmol of H* (4ul 50 mM
H,S0,), see Fig. 1a. After recording of the proton transfer kinetics by
pyranine fluorescence (Ax 450 nm and A, 508 nm) for ~20 min, ni-
gericin (1.5pM) was added to equilibrate the proton concentration
across the membrane (Fig. 1a). In addition to monitoring pH changes by
pyranine fluorescence, we concurrently measured the pH level by an
electrode. As next, 100 nmol of choline hydroxide and sulfuric acid
were added to liposomes to check the linearity of pH changes measured
using two approaches, as well as in order to calculate the total buffer
capacity of the system.

Since the mean diameter of liposomes was found to be 150 nm (see
Fig. S1 in the SM), the internal volume of uniform liposomes (at the
lipid concentration of 2.5 mg/ml) amounted 1.6% of the total volume of
the cuvette solution (V = 2ml), the total surface of vesicles in the
cuvette S = 1.3 % 10* cm® A typical ApH shift in response to the addi-
tion of An = 400 nmol H* was ~0.3 units. The outer buffer capacity
estimated as o, = An/V/ApH was 0.48 mM. The total buffer capacity
of the system (including the liposome interior) Biora = 0.65 mM was
determined by the three pH values, which were measured (a) before the
addition of 400 nmol H* in the beginning of experiment, (b) after the
addition of nigericin, and (c) after the final addition of 100 nmol H™
(Fig. S1).

To determine the proton permeation of the membrane, it was ne-
cessary to measure the flow of protons through the membrane im-
mediately after adding acid to the external volume. The kinetics of
changes in fluorescence after the addition of protons noticeably de-
viated from the exponential law, similarly to earlier observations of
Grzesiek and Dencher [13]. The deviation could be caused by several
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factors. Firstly, the manual mixing of the sample could distort the
proton transfer dynamics in the first few seconds after the addition of
protons. Secondly, the vesicles were characterized by a certain size
distribution (Fig. S1), so that the proton equilibration times in particles
of different radii would be different. This would result in a decay
function differing from a simple exponential solution of the flux equa-
tion. Thirdly, the flux itself may be non-exponential: the dependence is
linear for small pH changes (2.3ApH <« 1), but this condition is not
completely fulfilled (ApH = 0.3). Finally, slow pH drift (owing e.g. to a
CO,, effect) may have affected the kinetics during long-time measure-
ments. By these reasons, the fluorescence dynamics after the 400 nmol
H* addition was approximated by the sum of two exponential terms
and one linear term:

F(t> 0) = Firexp(—t/n) + Fyexp(—t/n) + AFy + Bt (@9

here F; and 7; are the amplitudes and the relaxation times of two ex-
ponential components of the proton flux across the lipid membrane
caused by the 400 nmol H" addition (the thin green curve in Fig. 1a),
whereas AF, and B are the final fluorescence level and the slope of the
pH drift in the system, respectively (the dashed red line in Fig. la
corresponded to the fluorescence level after the addition of nigericin,
see the thick red line). We fitted the kinetics by two exponentials just
for convenience, without attributing physical meaning to separate ki-
netic components. Because the proton permeability is determined by
the instantaneous amplitude of proton flux immediately after pH drop,
we calculated the initial proton flux at t = 0 from the slope of the fitting
curve by using the equation.

_ An-(B/q + B/n)

i/
" AFy-S

(2)
here An is the amount of added protons (4 107 mol), S is the mem-
brane surface area, and F;/1; + Fo/7, are the slopes of pH changes after
the addition of protons (the blue dashed line in Fig. 1a). The proton
permeability Py was calculated using the found flux value and the
proton concentration change after the 400 nmol H* addition:

]H'V'ﬁout _ (FI/TI + FZ/TZ)'V'BUW

Py = Jy/A[H'] = -
= Jul AH'] 2.3-An-107PH 2.3-AFy-S-107PH

3

where the proton permeability coefficient Py relates the proton flux
across the membrane Jy with the proton concentration difference be-
tween the two sides of membrane A[H"]. After addition of protons to
the lipid vesicles exterior (An = 4-10"7mol), the initial pH shift is
ApH = %, where V is the cuvette volume and B, is the pH-buffer
capacity of the external solution. The respective initial difference of free
proton concentration between two sides of membrane vesicles is

A[H*] = 10PH(1 — 10-%9H) » 2.3.10-PH 21
V-B, 4
Combining this linear approximation with the Eq. (3) for the proton
flux inside the vesicles, we could find the linear differential equation for
the proton relaxation dynamics:
Py-S

"
d[H] = —2.3=2=.10"PH.[H*]
dt V-B

)

here B is the total buffer capacity of the system. The characteristic time
of proton relaxation is

V-B

=———10°8
2.3-Py-S

o ®)

This expression was derived previously by Grzesiek and Dencher,
see Eq. (14) in ref. [13]. It is noteworthy that, while the proton per-
meability coefficient Py is independent of pH, the proton relaxation
time depends on pH, the total buffer capacity of the system, and the
surface/volume ratio of the lipid emulsion.

The proton permeability coefficients Py, as calculated from the data
obtained at different temperatures, were approximated by the
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Fig. 1. Proton leakage through a POPC bilayer. a, Experimental measurements of proton flow through POPC liposomes (2.5 mg/ml) at 45 °C. The pH changes were
measured by changes in pyranine (10 pM) fluorescence, while being also recorded by a pH electrode. The arrows indicate additions of 1.5 uM valinomycin, 400 nmol
H™ (as HySO,), 1.5 uM nigericin, 100 nmol OH ™ (choline hydroxide), 100 nmol H*; b, Estimation of activation energy for the proton permeability measurements
with pure POPC liposomes. Depicted is the Arrhenius plot for proton permeability coefficients as measured at different temperatures.

Arrhenius equation (Fig. 1b). The effective activation enthalpy E" = E,
could be estimated as 55.2 + 3.2kJ/mol (Fig. 1b). The here obtained
E, value falls within the range of previously published values of 30-70
kJ/mol [9,13,16,18].

3.2. Molecular dynamics simulations

Unlike the bulk proton flow through lipid bilayers (Fig. 1), single
events of proton permeation across the midplane of the bilayer are
experimentally still untraceable, so that computation remains the only
option. In the first set of our molecular dynamics (MD) simulations, two
molecules of POPC were slowly pulled towards each other (see Fig. 2,
Table 1 in the Methods Section, Fig. S2a-g in the SM and [75] for de-
tails). By applying harmonic restraints, the phosphorus atoms of two
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selected lipids were moved along the reaction coordinate (z-axis) at a
constant velocity. In Fig. 2a—c and Fig. S2a-g, the upper molecule (PO
[PHIC) had a protonated, electrically neutral phosphate group; the
phosphate group of the lower molecule was negatively charged (PO
[P7]C). As the distance between the two phosphorus atoms (Rpp) be-
came <1.6nm, the oxygen-rich ester moieties of the two lipids joined
into a specific structure, hereafter ‘oxygen passage’ (see Fig. 2b). As
next, a wire of seven water molecules stretched along the chain of eight
oxygen atoms (Fig. 2c). We repeated the MD simulations several times
and pulled the POPC molecules with different velocities, see Table 1,
Fig. S2a—g in the SM and [75]. In each case, a water wire appeared.
The Fig. 3a, as well as Fig. S3 in the SM show the calculated po-
tentials of mean force (PMF) that characterize the free energy change of
lipid molecules during the motion. The PMF increased upon moving the
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lipids towards the midplane of the bilayer. The overall PMF profiles
were asymmetric relative to the midplane of the membrane (Figs. 3a,
S3) because the barrier slopes for PO[P ™ ]C (left panels) were steeper
than that for PO[PH]C (right panels), in agreement with the deeper
position of a protonated phosphate group in the membrane (Figs. S4, S5
in the SM). The overall potential of the system as a function of the Rpp
distance is shown in Fig. 3b.
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Fig. 2. Formation of a water wire upon pulling together
two POPC molecu les (see also Figs. S2a-g and S3 in the
Supplementary material). a, The initial system, shown
after 100 ns equilibration at 313K in 0.1 M KCl, included
100 POPC lipid molecules and 5429 water molecules. The
phosphorus atoms of two lipid molecules were moved
along the reaction coordinate (z-axis) at a constant ve-
locity of 2.5nm/us (trajectory H in Table 1). The lipid
molecules that were pulled towards each other are shown
in purple (a protonated phosphate group, PO[PH]C, the
total charge +1) and cyan (an anionic phosphate group,
PO[P™]C, the total charge zero); the tails of other lipids
are shown as grey lines. In water molecules, the atoms of
oxygen are colored red and atoms of hydrogen are co-
lored white. The atoms of phosphorus and nitrogen are
shown as ochre and blue van der Waals spheres, respec-
tively, see also an all-atom model of a PO[PH]C molecule
on the insert; b, Formation of an oxygen rail between two
POPC molecules at the distance Rpp of 1.5nm; c, For-
mation of a water wire at Rpp = 1.2 nm.
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Using the PMF profiles shown in Figs. 3 and S3, we calculated the
effective pK, value of a POPC phosphate group as a function of its
position within the lipid bilayer. For this purpose, we compared the free
energy profile for the charged PO[P ™ ]C (red line in Fig. 4) with that of
the neutral PO[PH]C (blue line in Fig. 4). At pH 6.5, the free energy of
PO[PH]C at the interface is by ~14kJ/mol (ApH = 2.5) higher than
that of PO[P™]C (blue arrow). When PO[P™]C is dragged into the
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Fig. 3. Potential of mean force (PMF) for the two dragged lipid molecules as function of the distance. a, The PMF profiles for three different MD simulation runs
(trajectories F (pink), H (blue) and K (green), respectively, in Table 1, see also Fig. S3 in the SM) with the PO[P ™ ]C molecule shown left and the opposed PO[PH]C
molecule shown right. The midplane of the membrane was set at zero on the x-axis. b, The free energy of two dragged POPC molecules as a function of the Rpp

distance (as calculated for the three trajectories in Fig. 3a).
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Fig. 4. Free energy profiles of PO[PH]C (blue line) and PO[P~]C (red line)
within a lipid bilayer as a function of the distance to the midplane Az. The
effective pK, of the phosphate group (black) was calculated assuming that its
PK, value is 4.0 at the surface of the membrane [26].

bilayer, the energy difference between the states diminishes, so that the
energies of two states equalize at the distance of ~1 nm from the bilayer
midplane (thin dashed vertical line).

Hence, the preconditions for proton transfer between the phosphate
groups are achieved already at Rpp ~2nm, i.e. even before the forma-
tion of an oxygen passage. Closer to the midplane, the free energy of PO
[PH]C became lower than that of PO[P ™ ]C, so that the protonated form
dominates. The slopes of both curves are similar in the hydrophobic
part of membrane, so that the free energy difference between states
does not change further with the depth. For illustration, when the
distance between two groups Rpp is 1.6 nm (the red arrow), the energy
gap between the two states is approx. 6 kJ/mol, cf with Fig. 3.

To estimate the probability of formation of water wires and to avoid
perturbations caused by pulling the lipid molecules, we performed
another set of MD simulations where the PO[PH]C and PO[P " ]C lipid
molecules were hold at different, prefixed Rpp distances. As shown in
Fig. 5a—c, the formation of oxygen passages took about 20 ns at a Ry,
distance of 1.5 nm. After the oxygen passage had formed, the chain of
water molecules promptly stretched along it (Fig. 5d, see also Table 1).

Fig. 6 shows the probability of a water wire formation as a function
of the Ry, distance. Calculations were performed for a series of 10
trajectories, where the two phosphate groups were restrained at six

different Rpp distances (see trajectories M - V in Table 1). Each trajec-
tory included 10* frames sampled at 20 ps intervals. Each frame was
analyzed for the presence of a water wire connecting the phosphate
groups, and the total probability of wire formation was calculated. As it
follows from Fig. 6, water wires formed rarely at Rpp > 1.65nm; the
probability of their formation increased exponentially when Rpp was in
the range of 1.6-0.9 nm, ultimately approaching unity.

We also measured the life time of water wires after releasing the
constrains. The water wires persisted for ~20 ns upon constrains re-
moval at Rpp of 0.94 nm (Fig. 7).

In sum, as shown in Figs. 2, 5 and S2a-g, the water molecules lined
up along the oxygen atoms of phospholipid ester linkages. In all our MD
simulations (Figs. 2, 5, S2a-g, Table 1), water wires appeared after
oxygen passages, which indicates that the formation of water wires was
kinetically controlled by formation of the supporting polar templates.

3.3. Kinetic modelling of proton leakage through phospholipid bilayer

Drawing together two opposing lipid phosphate groups within the
membrane increases the probability of the formation of a water wire
(Fig. 6), but is thermodynamically costly (Figs. 3, S3). For a unit
membrane area, the rate constant ky of water wire formation could be
calculated, using the free energy profiles AG(z) for the phosphate
groups diffusion at the lipid/water interface (Fig. S5), by the equation:

S (A2)™ X Py (Az)dAz
K = 0
W = OPOPC" "

S exp(—AG(2)/ks T)dAz
0

@)

here Opopc is the surface density of phosphate groups in a POPC bilayer,
Az is z-projection of the distance between two groups
(Az = Rpp X cosB), and 7p(Az) is the mean first-passage time of the
system motion uphill the barrier:

75 (AZ) = 19 X exp(AG(AZ)/kgT) 8)

where 7, is the characteristic time of thermal motion of a phosphate
group at the lipid-water interface, AG(Az) is the free energy barrier,
and Pw(Az) is the probability of wire formation at the given distance
between two phosphate groups. The characteristic time 7o could be
estimated as 2 ns (see Fig. S6); it was comparable with the lifetime of
the thermal motion of phosphate groups at the lipid-water interface
(5 ns, Fig. S7), which is not surprising proviso that both these processes
are controlled by the mobility of phospholipid molecules within the
bilayer.
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Fig. 5. Formation of a water wire between the phosphorous atoms (yellow spheres) of the two lipid molecules statically restrained at the distance Rpp of 1.5 nm. The
time from the start of the MD simulation is indicated on the panels. a, no contact between the ester groups;
b, the ester groups start to converge; ¢, formation of an oxygen rail; d, a water wire aligns along the oxygen rail. Color code as in Fig. 2.
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Fig. 6. The probability of a water wire formation as a function of the Rpp dis-
tance. The horizontal bars indicate the RMSD values of the constrained dis-
tances during the simulation; the vertical bars show the 95% confidence in-
tervals for the probability estimates.

Taking the dependence tp(AG) from Fig. S6, the dependence AG(Az)
from Fig. 3b, the dependence Pw(Az) from Fig. 6, we calculated the
product 7p(Az) ~! X P,(Az) as a function of distance Rpp (see Fig. 8). We
found that the optimal distance for the wire formation Az, was
~1.6 nm. The surface density of phosphate groups in a POPC bilayer
[13,56] is Opopc = 1.5 x 10'* ecm ™2 The numerical integration of Eq.
(7) yielded the water wire formation rate ky = 1.26 X 10" em 257

The total rate of proton transfer as a function of the distance Rpp can
be calculated by a similar way as the integral over its z-projection:

fTD (Az)_l X Py (AZ) X Phap (AZ)dAZ
0

kpr =

exp(—AG (z)/kgT)dAz
Jew ’ ©

here Py,,(A2) is the probability of proton hop along the formed wire as
a function of Az. Water wires that stretched between two interacting
phospholipid molecules (Figs. 2, 5, S2a-g) resembled the file of eight
water molecules that forms after two gramicidin molecules join to-
gether to build a (transient) membrane channel [40-42,76]. In both
cases, water molecules form a linear chain, which favours tight hy-
drogen bonds between water molecules and, accordingly, a fast proton
transfer [40,77-79] by a proton-hopping mechanism, as initially sug-
gested by Grothuss [55,80]. The overall time of the transmembrane
proton translocation through a gramicidin channel is approx. 1ns
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Fig. 7. Disruption of a water wire after releasing the harmonic constraints (at
Rpp of 0.94 nm). The dynamics were averaged by 10 independent trajectories.
The average positions are plotted for the protonated phosphate group of the
initially constrained PO[PH]C molecule (purple), the anionic phosphate group
of the opposing, initially constrained PO[P~]C molecule (light blue) and the
anionic phosphate groups of other POPC lipids in the membrane (brown).

[42,81], whereby the proton transfer along the water chain per se,
being determined by the mobility of water molecules, is estimated to
proceed at a picosecond timescale or even faster [76-78,82]. Hence, the
lifetime of water wires in our MD simulations (up to 20 ns, see Fig. 7)
was long enough for an effective proton exchange (Phop(A2) close to
unity).

Taking, as previously, the dependence tp(AG) from Fig. S6, the
dependence AG(Az) from Fig. 3b, the dependence Pw(Az) from Fig. 6,
and assuming Py,p(Az) equals to unity, we calculated the product
5(A2) "t X Py (Az) X P1op(A2) by the same function of distance Rpp as
shown in Fig. 8. At the optimal value of Rpp for proton transfer of
~1.6nm, the numerical integration of Eq. (9) yielded the proton
transfer rate kpy = 8.4 x 10~ %s™ 1,

The surface concentration of protonated phosphate groups is
Opopanc = 10PKD =@M x gy0nc, where pKa is the functional pK, of
phosphate groups at the lipid-water interface. For POPC membranes
this pK, value could be estimated as ~4.0 [56]. Taking the surface
density =~ of  phosphate groups in a POPC  bilayer



M.E. Bozdaganyan, et al.

—_
e
@

T

107

L
i

L 1 " L L " 1 L 1 1 L
1,0 1,2 1,4 1,6
Distance between phosphates, nm

e}
Vi

\RELLI

Rate constant distribution, s'1 nm'1

T,

10°®

Fig. 8. Rate of water wire formation between opposing PO[PH]C and PO[P "~ ]C
molecules as a function of distance Rpp. The points, as calculated using the data
in Figs. 3b, 6, S5, and S6, were approximated by a parabola with the maximum
at Rpp = 1.55nm (red line). The probability of water wire formation was cal-
culated from the MD simulations with the distance between two phosphorus
atoms Rpp being constrained by two static parabolic potentials (Table 1, MD
simulation runs M, N, O, P, Q, R, S, T, U, V). Ten representative initial con-
figurations of the system with different Rpp values (see the last column in
Table 1) were taken from the PMF trajectory E, the respectively different static
parabolic potentials were imposed and the system was equilibrated for 800 ns,
after which productive, constrained MD simulations were performed for 200 ns
(trajectories M - V in Table 1). For each trajectory (containing 20,000 frames)
the mean Rpp value (shown by points in Fig. 8) and the respective RMSD value
of the constrained distances during the simulation (indicated by horizontal bars
in Fig. 8) were calculated. For large time intervals, the appearance of water
ok
k! >
where A is the probability that the event occurs k times in a time t. For each
constrained distance Rpp, the maximum likelihood of the parameter of the
Poisson distribution, A (points in Fig. 8), and the 95% confidence intervals
(vertical bars in Fig. 8) were calculated by the function “poissfit” of MatLab.

wire between phosphate groups obeys the Poisson distribution E (k) =

Opopc = 1.5 X 10" ecm ™2 [13,56] and the total concentration of free
proton in solution 6 x 10%°~®D(cm ~3), the one-way proton flux across
the membrane over a unit area S = 1 cm? per unit time At = 1s reads

_ AN

= m = kPT'].OpK“_PH'O'POPC = 12.6 X 1014-PH (Cm_zs_l).

i 10
here AN is the amount of protons crossing the membrane in one di-
rection in time At and S is the area of the membrane.

Generally the proton flux is proportional to the absolute con-
centration of free proton [H™ ] near the membrane surface, whereas the
resulting total flux is proportional to the proton concentration differ-
ence A[H*]. Still in experiments, where the non-equilibrium pH shift is
small (2.3ApH < < 1), Eq. (4) is fulfilled and the proton flux is pro-
portional to ApH. Under these conditions, the proton flux Jy across the
membrane (Eq. (10)) and the characteristic time 7} of proton relaxation
(Eq. (6)) both depend on pH. Nonetheless the proton permeability of
membrane Py, which relates these two characteristics (cf. Egs. (3) and
(6)), is a pH-independent parameter.

The estimations of Py from MD simulations, as summarized in
Fig. 8, give the value:.

Py = Jy/[H*] = 2.1 X 107® cm s~! a1

The obtained value of Py is within the proton permeability range of
107*-10"%cms™?, as measured with different lipid bilayers [7-21].
3.4. Tracing water in the hydrophobic membrane phase

We analyzed our MD simulation data to trace the presence of
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Fig. 9. Free energy profiles of water clusters inside the membrane as inferred
from the MD simulation (the systems B, C of Table 1 were inspected). The free
energy profile for lone water molecules is colored blue, water aggregates are
shown by lines of different color (left axis). Dashed lines show, for comparison,
the concentration of phosphate groups at the membrane/water interface (right
axis). The water clusters were cued as n-connected graphs of n hydrogen-
bonded water molecules by using a home-made MatLab script, the free energy
was set to zero in the bulk. The vertical bars show the 95% confidence intervals
for the free energy profiles of single water molecules (blue) and the water
trimer (red) within the lipid bilayer. The probability W, to find water cluster of
the size n in the 95% confidence intervals (vertical bars in Fig. 9) were calcu-
lated by the function “poissfit” of MatLab using the productive equilibrium
trajectory C (Table 1).

unsupported water clusters in the hydrophobic part of the membrane
(the systems B, C were inspected, see Table 1). The membrane was
divided into layers of 0.1 nm thickness in the xy-plane. The average
amount of water clusters in each layer was calculated for the whole
equilibrium trajectory. The black dashed lines in Fig. 9 show the dis-
tributions of phosphate groups from both sides of the membrane. The
blue line in Fig. 9 shows the free energy of lone water molecules along
the membrane normal.

The free energy was calculated as AG(z;) = — RT-Inp(z) + AGo,
where p(z;) is the water density in the layer z;, and AG, was defined by
setting the AG value in the bulk to zero. The energy penalty AG; for the
transfer of a single water molecule from the bulk into the hydrophobic
part of membrane was approx. +27 kJ/mol (Fig. 9), in exact agreement
with the experimental value for transferring water into alkanes [83]
and previous calculations [84]. We also looked for water clusters in the
lipid bilayer (defined as aggregates of water molecules with inter-
molecular distances < 0.4 nm). The inspection of the MD simulation
trajectories revealed one water trimer in the hydrophobic part of the
bilayer, its energy profile is shown by the red line in Fig. 9. Water di-
mers, as well as tetramers and larger water clusters were observed only
in the polar part of bilayer but not in its hydrophobic part (the energy
distribution for a water pentamer is shown in Fig. 9 by a green solid line
as an example).

Determination of energy profiles for single water molecules and a
water trimer (Fig. 9) enabled the estimation of the free energy of a
hydrogen bond (HB) in the hydrophobic phase. Indeed, provided that
each water molecule forms, on average, 3.6 hydrogen bonds (HBs) in
liquid water at room temperature [85], the transfer of a water molecule
from the bulk into the hydrophobic phase would be accompanied by
loss of approx. 1.8 HBs (since the former HB-partners of the water
molecule would form HBs with each other), which would correspond to
the free energy penalty (AGpen) of +27 kJ/mol in Fig. 9. Transferring of
three water molecules from the bulk into the hydrophobic phase would
accordingly cost 3 X 27 kJ/mol = 81 kJ/mol. From the data in Fig. 9,
the AGy,., value for bringing a water trimer in the hydrophobic phase
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can be estimated as approx. + 34 kJ/mol. Comparison of these values
yields an estimate of approx. —47 kJ/mol for the three HBs of the water
trimer. The free energy of a single HB in the hydrophobic phase could
then be estimated as approx. — 16 kJ/mol per bond, in agreement with
the calculated free energies of HBs between water molecules in the gas
phase [86,87]. In this framework, the AGp., value for bringing a water
trimer into the hydrophobic phase is smaller than the penalty for di-
mers, tetramers and pentamers of water (that could be estimated as
approx. +38kJ/mol, +45kJ/mol and +56kJ/mol, respectively),
which may explain the absence of water dimers, tetramers or pentamers
in the hydrophobic phase during the MD simulations (Fig. 9). The AGye,
value for a linear chain of n unsupported water molecules in the hy-
drophobic phase could be then estimated as 27 + (n-1) x 11 kJ/mol.
Indeed, the addition of each water molecule to the chain will bring an
energy penalty of losing 1.8 HBs in the bulk water (427 kJ/mol) and a
gain of one new HB in the hydrophobic phase (—16 kJ/mol). Accord-
ingly, the presence of unsupported, stretched water chains withn > 3
is highly unlikely in the hydrophobic phase.

4. Discussion
4.1. Proton transfer via phospholipid-supported water wires

Here we combined experiments, steered MD simulations, and ki-
netic modelling to analyze the possibility of proton transfer between
phospholipids of different membrane leaflets. Our MD simulations en-
abled extensive sampling of system conformations and, specifically,
provided details of water structure near the oxygen atoms of ester lin-
kers. We have found that converging of two lipid phosphate groups is
coupled with arranging of oxygen atoms of their ester linkages into
“oxygen passages” and aligning of water molecules along them.

The ability of confined water wires to conduct protons was pre-
dicted from theoretical considerations [7,14,43] and also shown ex-
perimentally in different systems [40,55,77,79,88]. The most recent
calculation of Parrinello and colleagues showed that protons are
transferred through transiently formed water wires even in the bulk
water [55,89,90]. Building on these data, we suggest that the observed
water wires, which were supported by oxygen atoms of lipid ester lin-
kers (Figs. 2, 5, S2a-g), could serve as conduits for proton transfer
between the lipid phosphate groups. Proton transfer along a preexisting
water wire was calculated to take < 1 ps [40,55,77,78,89-91], i.e. to
proceed much faster than formation of oxygen passages (> 10 ns, see
Figs. 2, 5, S2a-g). Hence, proton transfer across phospholipid bi-
layers—via short water wires—would be kinetically controlled by the
formation of supporting polar templates made of oxygen atoms of lipid
ester linkages.

The proton transfer between the first/last water molecule of the
wire and the adjoining phosphate group is unlikely to be rate limiting.
Recent infrared spectroscopy and pulsed-field gradient nuclear mag-
netic resonance studies of dense phosphoric acid/water solutions
showed that excess protons were “virtually shared between the phos-
phate and water oxygens” (quoted from [59]). These experimental
observations correspond to MS-EVB calculations that showed protons
forming contact ion pairs with phosphate groups; the authors noted that
the contact ion pair wells were deeper than the wells of the protonated
phosphate states [51]. From such a delocalized position between the
phosphate group and water, the proton, being driven by thermal fluc-
tuations and structural diffusion, can promptly get into the chain of
water molecules.

The obvious instability of unsupported water clusters in the lipid
phase (Fig. 9) is in agreement with earlier MD simulations where water
chains collapsed within picoseconds when they were manually inserted
into the hydrophobic bilayer and MD simulations were run without
constraints [45,52,92].

In our MD simulations (Figs. 2, 5, S2a-g and [75]), in contrast,
water molecules willingly entered the hydrophobic membrane layer
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and joined into wires each time when an oxygen passage had formed.
Apparently, oxygen atoms of ester linkers attracted and aligned water
molecules by serving as additional hydrogen bond partners. In the
previous section, the penalty for adding a water molecule to a water
chain in the hydrophobic phase has been estimated as approx. +11kJ/
mol. Then already one additional HB with ester oxygen(s) should be
sufficient to stabilize a water molecule in the hydrophobic phase, pro-
vided that the free energy of this HB were < —11kJ/mol.

The supported water wires in the lipid bilayer, as described here,
resemble in many respects water wires within membrane ion channels,
proton-translocating cavities of energy-converting enzymes, and nano-
tubes made of boron nitride or carbon [38-40,78,91,93]. Specifically,
the nanotubes were shown to fluctuate between completely water-filled
and empty states because of the high energetic cost of fragmented hy-
drogen bonds in a nanotube [40]. By analogy, upon formation of a
lipid-oxygen-supported water wire, the closing of a transmembrane
water chain (see Figs. 2, 5, S2a—g and [75]) should lead to an additional
stabilization, because the incorporation of the “last” water molecule
would be accompanied by formation not of one, but of two HBs with the
neighboring water molecules.

Therefore, one could even expect reciprocal stabilization of sup-
ported water chains and their oxygen templates: once formed, a stable
chain of water molecules would counteract the thermal disruption of
the template. Indeed, the life time of water chains (up to 20 ns, Fig. 7)
was longer than the characteristic motion time of phospholipid mole-
cules (2-5ns, Figs. S6, S7), and largely exceeded the sub-nanosecond
dynamics of lipid tails in the middle of the bilayer. It is noteworthy that
the MD simulation routine could not fully account for the particular
tightness of hydrogen bonds in the hydrophobic phase [40,78,91], so
that, in real membranes, the stability of such water chains might be
even higher than observed in silico. Thus, the water wires and their
supporting oxygen templates appear to behave as self-sustaining sys-
tems.

The formation of such oxygen templates would not per se require
protonation/deprotonation events, which may explain the previously
reported enigmatic insensitivity of the proton transfer to the H,0/D,0O
substitution [12,14]. As discussed above in relation to Eq. (6) and (10),
the proton permeability coefficient should be independent of pH, in
accordance with experimental observations [7,10,12,14,16,20].

The membrane dipole potential builds up as a cumulative dipole
moment of the ester linkages of phospholipids [36]. Therefore, the as-
sembly of these linkages into oxygen passages can hardly be sensitive to
the membrane dipole potential. Hence, our suggestion on the kinetic
limitation of proton transfer by the specific positioning of lipid ester
linkages may explain why proton leakage was shown to be independent
of the membrane dipole potential [12].

The formation of polar templates should, however, depend on the
overall sampling rate of different lipid conformations, in agreement
with the remarkable dependence of the proton transfer rate on tem-
perature and membrane fluidity [9,14,17].

According to our estimates, proton transfer across the bilayer should
mostly take place at the Rpp distance of ~1.6 nm (Fig. 8). Bringing the
phosphorus atoms of two lipid molecules so close to each other corre-
sponds to the AG value of ~ 55-60 kJ mol ™! (see Figs. 2 and S3), which
matches the measured value of 55 + 3.0 kJmol ™! for the E, of proton
transfer through POPC bilayers (Fig. 1b) and is compatible with the
earlier estimates of E, [9,13,16,18].

Classical MD simulations cannot capture the delocalized nature of
protons; they also provide no information on proton transfer between
water molecules. However, QM-based dynamics calculation on time
scales of tens of nanoseconds are still computationally too expensive for
quantitative implementation. In addition, the inclusion of quantum
effects would not notably affect the outcome of our study because the
rate of proton displacement along water wires at < 1ps
[40,55,77,78,89-911], should be by several orders of magnitude faster
that the formation of oxygen passages at nanoseconds (Figs. 2, 5,
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S2a-g), which, as we argue here, appears to limit the overall rate of
transmembrane proton transfer.

The proton diffusion at the membrane surface takes microseconds
[51,58,94]. Hence, it is slower than the water wire formation and
decay. Therefore, we did not consider the processes of proton delivery
to the formed water wire, but only the conditional probability to find
the buried phosphate in the protonated state:
Opopanc = 10PD =P » g0 In the case when the proton-donating
phosphate group is protonated and the proton-accepting phosphate
group is deprotonated, the proton hop occurs at picoseconds; otherwise,
the wire breaks up without proton translocation (unproductively).

The pK, of a phosphate group has no fixed value, but reflects the
local conditions for the given system conformation. For a phosphate
group in aqueous solution, this value is about 2.0. At the membrane/
water interface, owing to the surface Gouy-Chapman potential, the ef-
fective pKa is about 4.0 [13,56]. For a lipid phosphate group (or of a
respective proton-phosphate ion pair) (blue and red curves in Fig. 4),
the free energy difference between protonated and deprotonated states
is 2.3kpgT-(pH-pK,) at the ambient pH of the solution. At pH 6.5, this
difference is 15 kJ/mol on the membrane surface (blue arrow in Fig. 4);
within the membrane this difference decreases and reaches zero at
approx. 1 nm from the membrane center (the cross point of blue and red
curves in Fig. 4). Therefore, the effective pKa of a lipid phosphate group
increases with its immersion into the nonpolar part of lipid bilayer (see
the black line in Fig. 4). The full free energy of the system is then the
sum of contributions arising from the insertion of protonated and an-
ionic phosphate groups into the bilayer (blue and red curves in Fig. 4,
respectively) and of the free energy of phosphate protonation at the
water/membrane interface 2.3kgT-(pH-pKa®):

AG(z) = AGpopic () + AGpo(paic (z) + 2.3k T (pH — pKa®) 12)

In the transition state (when the water wire could form, see the red
arrow in Fig. 4), the effective pKa values of both phosphate groups
match approximately each other and also the physiological pH, which is
important for the high kinetic efficiency of proton exchange between
the groups.

The here presented mechanism combines elements of earlier hy-
pothetical models of proton permeation across lipid bilayer. As in the
original model of Nichols and Deamer [7], the mechanism invokes
water wires; however, in our model, the wires are short, do not cross
the whole membrane and, in addition, are supported by polar lipid
atoms. As in the fatty acid model of Gutknecht [46], protons enter the
membrane being carried by protonated and electrically neutral “ve-
hicles”, but these are protonated lipid phosphate groups. As in the
cluster contact model of Haines [48], proton goes between two che-
mically similar, but differently protonated moieties when they ap-
proach the midplain of the bilayer from the opposite sides; however,
these are phospholipid molecules, and not ionized water clusters.

In sum, the here suggested mechanism of proton transfer via self-
sustaining water wires, which connect phosphate groups and are sup-
ported by polar oxygen atoms of lipids, quantitatively reproduces ex-
perimentally determined properties of proton transfer across lipid bi-
layers [6-21].

4.2. Physiological implications and outlook

While mitochondrial proton leaks are responsible for the loss of up
to half of cellular energy in humans, the penetration of protons across
the lipid bilayer is believed to be responsible only for the minor part of
the proton leakage in mitochondria [1,2]. The major part of physiolo-
gical proton leakage was suggested to be mediated by proteins of the
inner mitochondrial membrane [19]. The protein-mediated proton
leaks, similarly to the proton leakage through the lipid bilayer, show
high proton specificity, relative insensitivity to pH, and dependence of
membrane fluidity [2,53]. As argued elsewhere [95], some of these
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similarities might be due to the involvement of supported water wires
also in protein-mediated proton leaks. The wires could run both
through proteins or along protein/lipid interfaces. Hence, the whole
proton leakage across energy-converting membranes, which is re-
sponsible for up to 50% of energy losses in humans [2], might be
mediated by water wires supported by polar atoms of lipids and pro-
teins present in the hydrophobic part of the membrane.

As noted in the Introduction, the main tenor in the evolution of
energy-converting membranes is the increase in their tightness
[28-31]. It was found that extremophilic organisms, to increase the
tightness of their membrane, usually (i) elevate the density of non-polar
carbon atoms in the midplane of the bilayer (e.g. by using lipid chains
with terminal bulky aromatic groups) and (ii) decrease the overall
mobility of the midplane (e.g. by using bipolar lipids that span the
whole membrane), see [48,96-98] for reviews. In the framework of the
here suggested mechanism, a dense, nonpolar, and rigid membrane
midplane would hamper the formation of oxygen passages and thereby
decrease the proton leaks.

Archaeal membranes are, generally, less permeable to protons than
bacterial membranes, which allows acidophilic archaea to survive even
at pH about zero [98]. It is tempting to speculate that the higher
tightness of archaeal membranes to protons might be partly due to the
ether linkers of archaeal lipids. Unlike ester linkers of bacterial lipids,
each ether linker contains only one oxygen atom. Therefore, to form an
oxygen passage, archaeal lipids should come closer to each other than
bacterial lipids and/or engage oxygen atoms of more than two lipid
molecules. It is noteworthy that the ability to synthesize ether-linked
lipids by using oxygen-dependent enzymes has independently devel-
oped, after the oxygenation of the atmosphere, in eukaryotes [99]. In
humans, alkyl- and alkenylphospholipids, with fatty acid tails in the sn-
1 position attached by ether bonds, make 20% of all lipids; their frac-
tion is maximal in the hearth where it reaches 40%. Mammals contain
even dialkylglycerophosphocholines, analogous to archaeal lipids in
that both hydrophobic tails are attached by ether linkers. In humans,
dialkylglycerophosphocholines were reported only in the hearth and
spermatozoa [100], for which minimization of energy losses is parti-
cularly important. It appears that, in humans, the physiological demand
to suppress proton leakage in a particular tissue inversely correlates
with the averaged number of oxygen atoms that link hydrophobic tails
with polar heads in the lipids of this tissue.

In the view of particularly fast proton exchange between water and
phosphate groups [59,60], another way to decrease proton leakage
would be to use lipids without phosphate groups. And indeed, thylakoid
membranes of photosynthetic organisms, which maintain ApH
throughout the night, contain large fractions of glycolipids and sulfo-
lipids, which would decrease the probability of an encounter between
two phospholipid molecules.

As a future task, it seems worthy to clarify whether the supported
water wires could be responsible for the non-linear dependence of
membrane permeability (to diverse cations including protons) on the
membrane potential. The dramatic increase in permeability at high
membrane potential [101,102] is of great physiological importance
because it attenuates the production of reactive oxygen species and,
generally, prevents membrane damage [103]. Theoretical calculations
predicted that water chains could be stabilized by an electric field that
is oriented along the chains [40,104]. Hence, the membrane potential
may increase the life time of supported water structures within lipid
bilayer, which would favor ion leaks, since any ions, to get across the
membrane, require water intrusions into the hydrophobic phase for
solvation. Figuring out these and other properties and functions of
supported water chains in biological membranes remains a challenge
for future studies.

5. Conclusions

We show that transmembrane water wires could be supported not
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only by proteins, but also by polar atoms of phospholipids and, speci-
fically, by oxygen atoms of ester linkers, which has been previously
overlooked. Our calculations show that proton transfer between the
phosphate groups of opposing lipid molecules via short, supported
water wires should be characterized by activation energy of approx.
50-60 kJ/mol, as well as weak dependence on the H;O/D,O substitu-
tion, membrane dipole potential and pH, all these traits being in
agreement with experimentally determined properties of proton
leakage across phospholipid bilayers.
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