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Effects of alkali metal chlorides on the properties of mixed negatively charged lipid bilayers are experimen-
tally measured and numerically simulated. Addition of 20 mol% of negatively charged phosphatidylserine to
zwitterionic phosphatidylcholine strengthens adsorption of monovalent cations revealing their specificity, in
the following order: Cs*<K*<Na™. Time-resolved fluorescence solvent relaxation shows significant de-
crease both in mobility and hydration of the lipid carbonyls probed by Laurdan upon addition of the cations.
The experimental findings are supported by molecular dynamics simulations, which show deep penetration
of the cations down to the glycerol level of the lipid bilayer where they pair with oxygen atoms of carbonyl
groups (with pairing with sn-2 carbonyl being about twice stronger than pairing with the sn-1 one). More-
over, the cations bridge neighboring lipids forming clusters of up to 4 lipid molecules, which decreases the
area per lipid, thickens the membrane, causes rising of lipid headgroups, and hinders lipid dynamics. All
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these effects follow the same Hofmeister ordering as the cationic adsorption to the bilayer.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The lipid bilayer, which represents the core of all biological mem-
branes, is a self-assembled structure composed of various amphiphilic
lipids and water. Stability of this dynamical supramolecular aggregate
is maintained by the interplay of several types of weak interactions,
including interfacial tension resulting from the hydrophobic effect,
steric repulsion between aliphatic chains, van der Waals interactions,
and hydrogen bonding and complex electrostatics in the headgroup
region [1-3]. Physical properties of the lipid bilayer are thus easily af-
fected by various factors, such as the degree of hydration, lipid com-
position, membrane-associated proteins and sugars, as well as by
the ions dissolved in the cytosol and extracellular fluid.

The influence of physiologically relevant ions (Na*t, K*, ClI-,
Ca**, or Mg™ ™) on model lipid membranes was studied extensively
[4,5]. Other ions, such as Li*, Cs™, NHf, Ba**, La*** F~,Br—, 17,
NOs3', and SCN™~ were also investigated [6,7] to elucidate the factors
influencing the specific ionic effects observed. This specificity is
known to be more pronounced for anions than for cations and, conse-
quently, experimental data on cationic effects are sparser [7-10]. In
contrast, computer simulations are less frequently focused on anions,
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since a proper description of the effects of larger anions often requires
a resource-consuming polarizable force field [11], whereas apprecia-
ble specific interactions of cations with model membranes have
been simulated using non-polarizable potentials [12-15]. The stron-
gest are the effects of multivalent and monovalent cations with
large charge density, such as Ca™™ or Li*, which are observed in
both experiment and simulations [7,16]. Those cations bind to neutral
(zwitterionic) lipid bilayers [6,17], rigidifying them [18] and stabiliz-
ing their gel phase [18-20]. Association of larger monovalent cations,
like Na*, K, Rb*, and Cs*, with a neutral lipid bilayer is much
weaker and thus it is difficult to measure any differences between
their effects [7,10]. Previous fluorescence measurements using sol-
vent relaxation technique (SR) have shown weak dehydration and
hindered mobility at the glycerol level of DOPC membrane upon addi-
tion of 150 mM NaCl [14], but similar effects have been observed also
for other salts (KCl, CsCl, and NH4CI; unpublished data). Molecular
dynamics simulations showed that Na™, in contrast to K* or Cs*, ex-
hibits affinity to the headgroups of DOPC membrane and that it also
attracts CI~ from solution such that an electric double layer is created
[14,21]. The binding site of Na* was found to be force field dependent
ranging from phosphodiester to carbonyl groups of phospholipids
[4,14,21,22]. The cationic effects are amplified in negatively charged
membranes. For example, electrophoretic mobilities of phosphatidyl-
serine (PS) noticeably differs in solutions of different alkali chlorides,
yielding intrinsic association constants of 0.6, 0.15, and 0.05 M~ for
Na™, K", and Cs™, respectively [23]. In contrast to Li*, which in this
respect resembles divalent cations, no shifts in phase transition
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temperatures were measured for Na* and K* and no structural
changes have been observed using X-ray diffraction [24]. This agrees
with unhindered mobility of phosphodiester group of PS upon addi-
tion of Na™ observed using 3'P NMR, interpreted as result of weak in-
teractions of Na* with various PS bilayers [25]. MD simulations of
POPS in NaCl provide an alternative scenario showing strong binding
of Na™ to lipid carbonyls, which may be undetectable using >'P NMR
[26]. Yet another MD study shows a broad distribution of Na™ at the
phosphate region of DMPS [27].

While still negatively charged, physiologically more important are
mixed anionic/zwitterionic lipid bilayers, such as the POPC/POPS mix-
ture. 20 mol% of POPS in POPC is a commonly used simple model of
the inner lipid leaflet of a plasma membrane. Nevertheless, few stud-
ies addressed interactions of anionic/zwitterionic lipid bilayers with
monovalent cations [15,28-31]. It was shown in MD simulations
that sodium binds to headgroups of POPC/POPS bilayer, but no con-
sensus regarding exact Na' location has been established
[15,28,29]. Complexes of up to 4 lipid molecules were found with ei-
ther carboxylate-Na-carboxylate or carboxylate-Na-phosphate salt
bridging [28,29]. Electrophoretic mobility measurements of vesicles
formed from phosphatidylcholine, phosphoinositol, and cholesterol
resulted in an ion adsorption constant series of 2.18, 2.22,
3.03mol™! for Na™, K™, and Cs™, respectively [30] (i.e., opposite
order to that published in [23]).

The above brief review of the literature dealing with monovalent
cations in zwitterionic, anionic, and mixed anionic/zwitterionic mem-
branes thus points to a number of open questions concerning ion af-
finities, binding sites within the bilayer, and membrane structural
changes. In order to address these issues, we investigate in the pre-
sent study interactions of Na™, K™, and Cs* with mixed POPC/POPS
lipid bilayers using fluorescence solvent relaxation technique (SR)
and empirical force-field MD simulations. SR provides a unique tool
for measuring hydration and local dynamics in the fully hydrated
free-standing unilamellar lipid membranes, while MD reveals molec-
ular structure of the bilayer and dynamical interactions between
lipids and ions.

2. Methods
2.1. Experimental methods

2.1.1. Materials

1,2-palmitoyl-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-
palmitoyl-oleoyl-sn-glycero-3-phosphoserine (POPS) were obtained
from Avanti Polar Lipids (Alabaster, AL, USA). A fluorescence probe, 6-
dodecanoyl-2-dimethylaminonaphthalene (Laurdan) was purchased
from Molecular Probes (Eugene, OR, USA). NaCl and CsCl with purity
>99%, NaOH, and ethylenediaminetetraacetic acid (EDTA) were
obtained from Sigma Aldrich (St. Louis, USA), and KCI with purity
>98% from Fluka (Buchs, Switzerland). Organic solvents of spectroscop-
ic grade were supplied by Merck (Darmstadt, Germany). Salts and EDTA
were dissolved in Mili Q (Milipore, USA) water. pH of EDTA solution was
adjusted to 7.0 using NaOH. All chemicals were used without further
purification.

2.1.2. Vesicle preparation

Chloroform solutions of appropriate lipids were mixed with Laurdan
dissolved in methanol (1:100 dye:lipid molar ratio). The organic sol-
vents were evaporated under a stream of nitrogen while being continu-
ously heated. The lipid film was suspended in water with 0.1 mM EDTA
or 1 M salt solution and vortexed for 3 min. EDTA was used to chelate
calcium ions dissolved from the glassware. Large unilamellar vesicles
(LUVs) were prepared by extrusion through a polycarbonate membrane
(Avestin, Ottawa, Canada) with 100 nm pores. The prepared samples
were transferred to a 1 cm quartz cuvette. The final concentration of
phospholipids in the cuvette was 1 mM.

2.1.3. Fluorescence instrumentation

All steady-state fluorescence measurements were performed on a
Fluorolog-3 spectrofluorimeter (model FL3-11; Jobin Yvon Inc., Edison,
NJ, USA). Fluorescence decays were recorded on an IBH 5000 U SPC
equipped with an IBH laser diode NanoLED 11 (370 nm peak wavelength,
80 ps pulse width, 1 MHz repetition rate) and a cooled Hamamatsu
R3809U-50 microchannel plate photomultiplier. The temperature was
maintained at 283 K or 293 K+ 0.5 K using a water-circulating bath.
The full width at half maximum (FWHM) of the instrument response
function was less than 100 ps.

2.1.4. Fluorescence solvent relaxation

A detailed description of the fluorescence solvent relaxation
method, also called time-dependent fluorescence shift (TDFS), and
its application to characterization of phospholipid bilayers, can be
found in the recent review [32]. The primary data consist of a
steady-state emission spectrum and a set of emission decays recorded
at a series of emission wavelengths (400-540 nm with 10 nm step).
The time-resolved emission spectra (TRES) were gained by the spec-
tral reconstruction method [33]. Positions of TRES maxima, v(t) and
their FWHM(t) were analyzed. The position of TRES maximum at
t=0 was estimated according to the method of Fee and Maroncelli
[34] as v(0)=23,800 cm ™! and was not affected by the presence of
ions. Two main parameters describing polarity and mobility of the
probed system are derived from the analysis of TRES. The total emis-
sion shift Av=v(0) — v(t= =) directly reflects the polarity of the dye
microenvironment, while integrated mean relaxation time, defined as
T= fg%dt, describes the mobility of polar moieties in the vi-
cinity of the fluorophore. The percentage of the relaxation process
that was faster than the time resolution of the instrumentation
(~20 ps), calculated as (Ve(0) — vy, (0))/(Ve(0) —v()), where e and
m index v(0) values obtained from the time-zero spectrum estima-
tion and from TRES reconstruction, respectively, did not exceed 15%
for any of the samples measured at 283 K, and 25% for those mea-
sured at 293 K.

2.2. Computational methods

Molecular dynamics simulations were performed for bilayers of
128 lipid molecules (64 molecules in each leaflet) hydrated with
over 4200 molecules of water. A POPC bilayer was equilibrated for
50 ns. Then, 26 POPC molecules (13 lipids selected randomly in
each leaflet) were exchanged for POPS molecules resulting in
20 mol% concentration of POPS. In order to neutralize the charge of
anionic lipids, 26 monovalent cations (Na™*, K™, or Cs™) were added
to the aqueous phase. Additional cations and chloride anions were
added to the aqueous phase in order to achieve a formal 1 M salt con-
centration (not counting the neutralizing cations). The overall result-
ing concentration of cations in water phase (calculated from the ratio
of ions to water molecules) amounted to 1.4 M, whereas concentration
of chloride anions was 1 M. The three resulting systems thus consisted
of 106 monovalent cations and 80 Cl™ anions, and corresponded to the
mixed POPC + 20 mol% POPS membranes hydrated with 1 M solution
of NaCl, KCl, or CsCl. For each system a molecular dynamics trajectory
of 200 ns length was calculated. For time-independent analyses only
the final 50 ns of the trajectories were used.

Lipid molecules were modeled employing the Berger's non-
polarizable united-atom empirical force-field [35]. The SPC model of
water, for which Berger's parameterization was developed, was
used [36]. Parameters for ions were taken from the GROMACS force-
field [37], however, for K we employed parameters introduced by
Vacha et al. [38], which correct the unrealistically small depth of the
Lennard-Jones potential of potassium in the original GROMACS
force-field. Simulations were performed in the isothermal-isobaric en-
semble (NpT) with the temperature coupling using the Nose-Hoover
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thermostat [39] at 310 K and with pressure of 1 bar controlled in a semi-
isotropic setup by the Parrinello-Rahman barostat [40]. Non-bonded in-
teractions were cut off at 1 nm, with the long-range electrostatic inter-
actions accounted for employing the Particle Mesh Ewald method with
grid spacing of 0.12 nm and fourth-order interpolation [41]. Water mol-
ecules were constrained employing the SETTLE algorithm and the LINCS
algorithm was used for constraining bonds in lipid molecules [42,43].
Equations of motions were integrated with a 2 fs time step. Calculations
were performed employing the GROMACS 4.0.7 software package [37].

3. Results and discussion

Lipid bilayers consisting of 20 mol% of POPS and 80 mol% of POPC
(POPC/POPS) suspended in NaCl, KCI, or CsCl solution were studied
using SR fluorescence technique and MD simulations. Comparison
with pure POPC bilayer is based on separate measurements and liter-
ature data (in the case of MD [13]). In fluorescence measurements
1 mol% of lipid was replaced with a fluorescent polarity probe — Laurdan.
The structures of the employed compounds and the location of the fluo-
rescent probe are shown in Fig. 1. Experimental and computational re-
sults are presented and discussed together, with the material divided
into sections based on different aspects of salt-bilayer interactions rather
than on the method used to obtain the result. First, the changes in bilayer
mobility at the glycerol level, as probed by Laurdan, and structural
changes revealed by MD are analyzed. Further, we focus on cations them-
selves, the depth of their penetration into the bilayer, their binding sites,
and clustering effects. Finally, changes in bilayer hydration are discussed.

3.1. Hindered dynamics at the glycerol level

SR gives a unique possibility to measure local polarity and mobility at
different depths of fully hydrated liquid crystalline lipid bilayers, which
is a valuable model of biological membranes. Fluorescence quenching
methods and computer simulations have shown that Laurdan, used in
the present study, is stably located at the glycerol level of phospholipid
bilayer [44,45]. At this depth all water molecules are bound to lipids
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Fig. 1. Chemical structures of neutral POPC, anionic POPS, and the fluorescent probe
Laurdan. &p_y angles between P-N dipoles and the membrane normal, and sn; and
sn, chains are marked both for POPC and POPS molecules. Laurdan fluorophore is locat-
ed in accord with the parallax quenching results [44] and computer simulations [45].

and thus the observed nanosecond relaxation should be attributed to
the motion of the whole hydrated phospholipid moieties rather than
water molecules themselves, which in the bulk relax about 10* times
faster [46]. Laurdan was shown to be particularly sensitive to the
dynamics of the hydrated sn-1 carbonyls of phosphatidylcholine bilayer
[47].

SR measurements were performed at 283 K and 293 K. At both tem-
peratures each of the investigated bilayers was in a liquid-crystalline
state. Low temperature was used to increase the extent of relaxation
process captured with the time resolution of the instrumentation.
Below we primarily discuss the measurements performed at 283 K,
where the effects are more pronounced. At 293 K no qualitative differ-
ences between the samples have been observed, although the effects
were less apparent due to larger uncertainty of the measurements.

Positions of the maxima of TRES, v/(t), representing the relaxation
process measured at 283 K are shown in Fig. 2. The relaxation curves
obtained for the POPC bilayer and the POPC/POPS bilayer in pure
water are very similar. For POPC, the mobility at the glycerol level
was only slightly slower for 1 M alkali chloride solutions, regardless
of the cation present, when compared to pure water. As opposed to
neutral POPC, in the negatively charged POPC/POPS bilayer strong
specific cationic effects were observed. The relaxation slows down
considerably reporting a restricted mobility at the glycerol level of
POPC/POPS. The mobility is in the order: water> CsCl>KCl> NaCl.
The values of integrated relaxation times 7 are listed in Table 1. The
presence of sodium slows down mobility at 283 K by 42% when com-
pared to water, while cesium only by 23%; at 293 K the effects are
smaller: analogous values are 21% and 14%, respectively. These are
unexpectedly large changes when compared to the previously pub-
lished data of the effects of small cations in neutral membranes
[11,14]. Introduction of physiologically relevant amount of POPS
thus not only limits mobility of the POPC/POPS bilayer at its glycerol
level in each of the studied salt solutions, but also reveals cation
specificity.

Since in pure water no significant differences in relaxation dynamics
between the POPC and the POPC/POPS systems were observed, the elec-
trostatic repulsion predicted between PS headgroups is apparently com-
pensated. Likely factors that can prevent membrane expansion upon
addition of POPS are stronger hydrogen bonding in POPC/POPS bilayer,
smaller volume of PS headgroup, and the presence of PS counterions
(in our experiment it resulted in a 0.2 mM concentration of Na™). In
fact, measurements performed at 293 K show that addition of POPS
might even restrict the mobility of POPC bilayer (see Table 1). For all
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Fig. 2. Position of the maxima of time resolved emission spectra of Laurdan embedded
in POPC or POPC/POPS (4:1) large unilamellar vesicles suspended in water or 1 M salt
solutions. Note that the curves obtained for POPC in different salt solutions are almost
indistinguishable.
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Table 1

Numerical results obtained from both solvent relaxation (SR) measurements using 1 mol% of Laurdan as a fluorescent probe and molecular dynamics (MD) simulations.

Lipid Solution Av (cm~)? 7 (ns)® <APL> <Zp_p> <Pp_n> (deg)®f

_— 2vcf df SN 6
(1M 283 K 293 K 283 K 293 K (nm) (nm) POPC POPS
POPC/POPS Nacl 3700 4050 450 261 0.546 2.16 55.7 81.7
(4:1) Kcl 3800 4075 416 256 0.561 2.17 553 78.7
cscl 3850 4075 3.90 2.46 0.607 1.97 673 834

Water 3925 4100 3.17 2.15 s s s e

POPC NaCl 3900 4050 341 2.02 0.608" 2.0M 69.6" -

KCl 3900 4050 3.40 2.07 0.639" 1.90 74.2hi -

cscl 3900 4050 337 1.99 - - - -

water 3950 4075 322 1.78 0.654 1.92 705 -

0.652" 77.9M

2 (SR) total emission shift, Av=1(0) —v(=); where v/(0) =23,800 cm~ ! estimated according to [34], and /(«) obtained from TRES reconstruction.

b ; PSP T v
(SR) integrated relaxation time: 7 = (J)' YOSV d,
¢ (MD) mean bilayer area per lipid molecule.
d
(
e

T Calculated based on the final 50 ns of trajectories.

MD) bilayer thickness calculated as a mean distance between PO,4 groups of opposite leaflets.
(MD) mean angle between headgroup P-N dipole and the membrane normal, see Fig. 1.

& Even in water the system contains counteractions neutralizing POPS, and such a low ion concentration regime cannot be effectively studied in simulations.
" Taken from Ref, [13] Where 02 M salt concentrations were used, with CHARMM force-field employed for ions and Berger’s force-field for lipids.

! Estimated from density profiles shown in Fig. 3 in Ref. [13] With CHARMM force-field employed for ions.
J Values obtained directly from angle histograms as opposed to the normalized ones calculated in the present work, see text for details.

the measured samples the width of TRES, i.e.,, FWHM was carefully ana-
lyzed. No signs of heterogeneity in Laurdan relaxation were present,
since all FWHM profiles exhibited single maxima at the times corre-
sponding to the integrated relaxation time (data not shown).

3.2. Bilayer compression and rising of POPC headgroups

Molecular dynamics simulations have shown that adding 1 M of
the studied salt solutions significantly decrease the area per lipid
(APL) of the POPC/POPS bilayer. Fig. 3 illustrates calculated APL
values; for comparison we also show the average values for pure-
POPC membrane in ion-free water, 0.2 M NaCl, and 0.2 M KCl based
on simulations by Gurtovenko and Vattulainen employing CHARMM
force-field for ions [13]. The stabilization time of APL along the trajec-
tory depends on the type of salt. In the CsCl solution the area per lipid
stabilizes after about 20 ns, in the case of NaCl the stabilization takes
about 100 ns, and in the case of KCI a full stabilization was not ob-
served even after 200 ns.

The observed influence of salts on APL increases in the order
CsCl<KCl<NacCl. Since the SR relaxation time 7 of Laurdan is typically
inversely proportional to the area per lipid, the simulated APL agree
well with the measured relaxation time, i.e., the smaller the APL the
more hindered the dynamics probed by Laurdan.

The POPC/POPS membrane compression has been already observed
in MD simulations upon adhesion of Na™ or Ca™ ™ ions [15,28], but no
specific cation effects have been reported. A similar but much weaker
cation specificity of membrane compression was shown in our previous
study of a neutral DOPC bilayer, where APL was 0.72, 0.70, 0.69, and
0.69 nm? for water, 1 M CsCl, KCI, and NaCl, respectively [ 14]. Those re-
sults agree well with the SR times obtained here for pure POPC. Note
that in the case of DOPC the change in compression between CsCl and
NaCl was only about 1.4% as opposed to 10% in the case of POPC/POPS
discussed here. Absolute comparison is, however, not possible since
the DOPC backbone has a larger volume than that of POPC, which may,
to some extent, hinder headgroup interactions. Neither are the results
obtained by Gurtovenko et al. presented in Table 1 an ideal reference
due to the different force field and salt concentration used there. Never-
theless, we can safely conclude that in the presence of POPS the effect of
cations is markedly enhanced. The decrease of the APL in the POPC/POPS
system caused by the weakly-interacting CsCl is comparable to that in-
duced by the strongly-interacting NaCl on pure POPC. Also, in the
POPC system KCI causes only a slight decrease of the area per lipid,

and one can expect that the effect induced by CsCl (not included in the
pure-POPC study) would be even smaller.

Density profiles calculated for the three considered salt solutions
are depicted in Fig. 4. It is apparent that the bilayer in NaCl and KCI
solutions is thicker than in CsCl. The mean thickness, zp_p, calculated
as the distance between phosphates of the opposed leaflets is pre-
sented in Table 1. The changes of POPC/POPS bilayer thickness ob-
served here are larger than those of pure POPC [13] or DOPC [14].

Note that for pure POPC membranes the empirical force-fields have
tendency to overestimate the thickening of the bilayer in salt solutions,
as experimentally almost no effect on the POPC bilayer thickness can be
observed for salt concentration below 1 M [18] whereas in simulations
membrane thickening occurs already in 0.2 M salt solutions. On top of
the increased distance between opposing phosphates, the overall
POPC/POPS membrane thickness is further increased by the rising of
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Fig. 3. Area per lipid (APL) as a function of simulation time. Dashed lines depict average
values of area per lipid for pure-POPC bilayer taken from Ref. [13] and corresponding to
the values calculated employing the CHARMM force-field for ions. The numerical re-
sults are gathered in Table 1.
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Fig. 4. Relative partial density profiles calculated over last 50 ns of trajectories. The
density profiles for both leaflets are averaged. The values of variance are used as
error bars. For clarity of presentation, each profile is normalized to give the same inte-
gral. The profiles are cut at the distance of 3.5 nm from the bilayer center. Absolute
density profiles of ions are depicted in Fig. 2S in the Supporting information.

the POPC headgroups, i.e., the POPC P-N dipole, which is typically laying
flat on the membrane surface, reorients in the presence of KCI and NaCl.
This effect can be already observed in Fig. 4, in which the density peak of
choline shifts outward from the center of the bilayer; becoming also nar-
rower. The distributions of the angle between the P-N dipole and the
membrane normal, ¢Pp_y, depicted in Fig. 5, illustrate this change in
more details. The mean values of ®p_y are given in Table 1. The P-N di-
pole of POPC in the POPC/POPS membrane in CsCl solution has a broad
distribution of &p_y angles, similar to those of pure POPC in water
(Fig. 5A), with mean values of 67° and 71°, respectively. Exchange of
CsCl to either KCl or NaCl narrows the dp_y distribution and shifts it to-
ward lower angles; <dp_n>=55°. Also, note the differences between
<®p_n> values obtained in Ref. [13] and in the present work. These
are due to normalization applied by us, i.e. division of ®p_y histogram
by sin(®p_y) in order to obtain a properly normalized &p_y distribution.
The normalization broadens and shifts the distribution toward lower an-
gles, e.g., for pure POPC in water the <dp_n> values before and after nor-
malization are 77.8° and 70.5°, respectively. The former one agrees with
the unnormalized value of 77.9° published in [13]. In comparison with
POPC, the dp_y distributions for POPS are almost identical for the three
salt solutions with a narrow peak around 90° (see Fig. 5B), indicating
that the P-N axis is oriented roughly parallel to the surface.

3.3. Location of ions

Molecular dynamics simulations reveal deep penetration of cations
into the POPC/POPS bilayer; see density profiles in Fig. 4. The density
of cations is non-negligible as deep as about 1.4 nm from the center of
the lipid bilayer, which corresponds to the position of POPC carbonyls

0.003

P-N angle of POPC in:
— POPC/POPS, NaCl
—— POPC/POPS, KClI

— POPC/POPS, CsCl
—— pure POPC, water

0.002

=
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=
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E B P-N angle of POPS in:
§' 0.0041 — POPC/POPS, NaCl |

— POPC/POPS, KCI
— POPC/POPS, CsCl

0.003
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0.000 L
0° 45° 90° 135° 180°

Dp.\

Fig. 5. Normalized distributions of ®p_y headgroup angles (see Fig.1) of POPC (A) and
POPS (B) calculated based on final 50 ns of MD trajectories; 0° represents P-N dipoles
pointing outward of the membrane and 180° toward membrane interior.

at the glycerol level. As a matter of fact, the peaks of cation densities
are located close to the position of peaks of the carbonyls. The corre-
sponding peak intensities and thus the preference toward carbonyl
groups increase in the order Cs* <K+ <Na™. In contrast, chloride anions
are not adsorbed at the membrane but rather stay in the aqueous phase.
In the case of NaCl and KCl solutions the distribution of chloride has a
weak peak at about 2.9 nm from the center of the lipid bilayer while
this peak is absent for CsCl. The region between cation-enriched parts
of the membrane and anion-enriched aqueous phase is predominantly
occupied by both choline and carboxylate groups. Separation between
anions and cations is enhanced by the presence of carboxylate groups
of POPS molecules as these negatively charged groups repel anions.
This can be demonstrated by plotting the distribution of charges due
to individual components of the system along the membrane normal
(see Fig. S1 in the Supplementary information). Indeed, chloride anions
are repelled from the membrane by negatively charged headgroups of
POPS lipids whereas metal cations are predominantly occupying the re-
gion of negatively charged carbonyl groups of POPC. A qualitatively sim-
ilar separation of cations and anions was observed in neutral
zwitterionic membranes, including the POPC bilayer, which demon-
strates that the presence of anionic lipid is not necessary for charge sep-
aration in salt solutions [11-14,26], although, the effect is enhanced by
the presence of POPS. In the simulated system, the electroneutrality in
the water phase (the equality of cation and anion concentrations) is
established ~1.2-1.6 nm from the membrane-water interface (see Fig.
2S in the Supplementary information). In that region, concentrations
of ions amount for 1.09, 1.18, and 1.36 M in, accordingly, NaCl, KCl,
and CsCl solution. The increase of the ionic concentration in this region
with regard to the formal 1 M concentration of the salt in the system
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results from the repulsion of anions from the negative bilayer. The re-
sults of present simulations can thus be directly compared with the ex-
perimental data obtained at salt concentrations in the approximate
range of 1-1.4 M.

3.4. Extent of cationic adsorption and ion-lipid contacts

Radial distribution functions between the studied cations and oxy-
gen atoms of carbonyls, phosphates, and carboxyls from MD simulations
are depicted in Fig. 6. The binding of cations with the carbonyl groups is
prevailing; and the carbonyl groups located at the sn-2 chain of POPC are
binding the cations more strongly than the carbonyls at the sn-1 chain
(compare Fig. 6A and B). The preferential binding with carbonyl groups
increases in the series Cs*<K*<Na™, while the preferential distance
between carbonyl oxygen atoms and cations changes correspondingly
to the ionic radius (Na®<K*<Cs™). Radial distribution functions
show binding of cations with both phosphate groups of POPC/POPS
and carboxylate groups of POPS (see low-intensity peaks located in the
0.2-0.4 nm region in Fig. 6C, D); however, as evident from the values
of cumulative sum, this binding is weak in comparison with the binding
of cations by carbonyl groups. In the case of both carboxyl and phos-
phate groups, small contact peaks are accompanied by more pro-
nounced peaks at the larger distances; however, the latter originate
from these cations which are already bound by carbonyl groups of a cor-
responding lipid molecule.

In order to quantify the affinity of ions toward the membrane we
analyzed average coordination numbers between ions and a given
type of lipid atoms. This quantity was calculated as a number of
ions corresponding to a first peak of the radial distribution functions
(compare insets in Fig. 6). It approximately accounts for the first sol-
vation shell for each of considered types of atomic pairs. Note that the
coordination numbers reflect the local neighborhood of the consid-
ered atom, in contrast to the density profiles discussed above, which
represent spatially-averaged distributions of species in the system.
The number of cations corresponding to first peaks around the sn-2
carbonyl group is approximately equal to 0.7, 0.5, and 0.2 for Na™,
K*, and Cs™, correspondingly. The average coordination numbers of
carbonyl groups at the sn-1 chain are lower (0.15, 0.2, and 0.1 for
Na*, K%, and Cs™, accordingly), with the value for potassium slightly
above that for sodium. The preference of ions toward sn-2 carbonyl
groups over sn-1 groups can be rationalized by differences in localiza-
tion of both sn-2 and sn-1 carbonyls, with the former being located
closer to the headgroup region and hence being more hydrated and
accessible for ions [48]. Average coordination numbers for both phos-
phate and carboxylic numbers are significantly, almost one order of
magnitude, smaller than those of carbonyl groups. However, the
trend in the ion binding (Cs™<K*<Na™) is the same as in the case
of carbonyl groups. We also analyzed the life-time characteristic for
complexes formed between carbonyl groups of POPC and cations.
The average life-time of the cation-oxygen pairs studied employing
the time autocorrelation functions strongly varies depending on the
type of cation, it is in a range of about 25 ns for cesium, in the range
of 40 ns for potassium and even longer for sodium. In the case of
both potassium and sodium one can speak about strong ion pairing
with sn-2 carbonyl groups, as evident from relatively high peaks of
the corresponding radial distribution functions depicted in Fig. 6B.

As mentioned in the Introduction, different cation binding sites
were reported in the literature based on molecular dynamics simula-
tions employing different force-fields. Several studies, including this
one, predict the binding of Na™ by carbonyl oxygen atoms PC lipids
[4,13,22,26]. In other works, the concentration of sodium cations
was found to be maximized in the vicinity of phosphate groups
[14,27]. Yet other authors report that Na™ penetrates between the re-
gion of phosphate groups and carbonyls [27]. Moreover, complexes of
up to 4 lipid molecules were found with either carboxylate-Na-
carboxylate or carboxylate-Na-phosphate salt bridging [28,29]. The
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Fig. 6. Radial distribution functions for atomic pairs between the studied metal cations
and oxygen atoms of (A) sn-1 and (B) sn-2 carbonyls, (C) phosphate group of POPC,
and carboxylate group of POPS. The distributions were calculated over last 50 ns of tra-
jectories. Normalization to the ideal gas density was not employed, since the mem-
brane/water interface is an inhomogeneous system. The values of cumulative sums
are depicted in insets.

stronger preference of cations for carbonyl than phosphate groups is
supported by the present fluorescence measurements since the influ-
ence of cations on membrane properties and the dependence on the
cation type was observed employing Laurdan fluorophore which
probe sn-1 carbonyl atoms of a phospholipid [6].

Carboxylate groups of POPS are significantly exposed to the water
phase. One could naively expect that the binding of cations by anionic
—COO™~ moieties would be more significant than between carbonyl
groups and cations. Factors which contribute to this relatively low
cation binding are the presence of neighboring positively charged
choline groups and the tendency for formation of both intra- and
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intermolecular hydrogen bonds between them and —COO™ groups;
such hydrogen bonds were also reported in previous studies of
POPS membranes [26].

A bridging effect of lipid molecules by a sodium cation was already
reported both from simulations [4,49,50] and experiments [51]. It
was concluded that a sodium cation may effectively bind more than
one carbonyl group thus allowing for bridging between nearest
neighboring lipid molecules. Fig. 7 presents distributions of numbers
of lipids forming clusters formed by carbonyl-cation-carbonyl inter-
actions (both POPC and POPS lipids are considered). Among the cat-
ions which form clusters, most of them bind more than one lipid
molecule. Both sodium and potassium cations predominantly form
complexes with three lipids (in accord with a previous study of sodi-
um salt in membranes [39], while four-lipid clusters were reported in
other studies [4,49,50]), whereas two-lipid complexes are the most
abundant in the membrane interacting with cesium cations. For
each cation the distribution of the cluster sizes is broad, up to com-
plexes involving five lipid molecules, with the sodium cation being
the most effective in clustering, followed by potassium, and cesium.

3.5. POPC/POPS carbonyls dehydration upon cation adsorption

Both SR measurements and MD simulations show a certain degree
of dehydration of POPC/POPS bilayer carbonyls in 1 M salt solutions.
Hydrating water is the main constituent of the dipolar relaxation
probed by Laurdan, thus the emission shift Av is usually attributed
to hydration of carbonyls at the glycerol level. The Av values obtained
for the measured POPC/POPS and pure POPC vesicles are shown in
Table 1. Hydration of POPC/POPS carbonyls strongly decreases in the
order: pure water > CsCl>KCI> NaCl. This is not observed for pure
POPC, where the changes are within the experimental error, and
only a slight dehydration is observed upon addition of salt (water> -
CsCl=KCl=NaCl). The hydration effects at 293 K are considerably
smaller than the ones measured at 283 K. It is important to mention
that Av is usually less sensitive than the second SR parameter, 7.
The observed level of dehydration, namely a 250 cm ™! difference be-
tween POPC/POPS in water and in 1 M NaCl at 283 K is remarkably
large. When comparing the two lipid system studied, it is apparent
that introduction of POPS into neutral POPC membrane dehydrates
the membrane at the sn-1 carbonyl, whenever any of the studied
salt is present. POPS also enhances the differences in the dehydration
between the studied monovalent cations. In the absence of salt, intro-
duction of POPS does not affect the hydration.
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Fig. 7. Distributions of average numbers of oxygen-cation clusters formed by bridging
of oxygen atoms of carbonyl groups of both POPC and POPS by cations. The 3.5 A dis-
tance was taken as a criterion for the complex formation. Calculations were completed
over last 50 ns of trajectories. Occurrence for 5-lipid complexes is equal to 2x 1075,
8x10~*and 3x 1073 for Na*, K* and Cs™, respectively.

Corresponding changes of membrane hydration, measured at the
level of carbonyl groups, were observed also in MD simulations.
Fig. 8 depicts radial distribution functions calculated for pairs formed
between water molecules and carbonyl groups. The influence of the
type of cation on the hydration is reflected in the changing intensity
of the first peak of the radial distribution function. Hydration in-
creases in the series Na™ <K' <Cs™* which is in accord with the pre-
sent results of SR experiments.

In the recent calorimetric study it has been shown that absorption
of alkali metal cations to phospholipid vesicles is endothermic, and
thus entropy-driven process [52]. The authors hypothesize that the
entropy gain is due to partial dehydration of both lipids and ions,
which leads to the liberation of water molecules. Dehydration ob-
served in the present study is in favor of this hypothesis.

4. Summary and conclusions

We observed strong specific effects of alkali cations on mixed POPC/
POPS bilayers where the extent of adsorption, and thus the strength of
the influence on the membrane, depends on the type of cation. The in-
fluence of cations increases in the series Cs* <K <Na. This tendency
is reflected in all bilayer properties described in the present study, both
structural and dynamical ones. In pure zwitterionic membranes the
cationic effects are weak (particularly when compared to anionic
effects), however, in the mixed POPC/POPS system they are enhanced
by the presence of the negatively charged lipids.

The presence of cations thus has a significant effect on the mixed
POPC/POPS bilayer. The most apparent are the structural changes.
The POPC/POPS bilayer undergoes a significant compression, as well
as thickening and rising of the POPC headgroups. This is a direct con-
sequence of extensive adsorption of cations. Our results, both from
experiments and simulations, show that monovalent cations have a
strong affinity toward oxygen atoms in the carbonyl groups and a
weaker affinity toward the phosphate groups. Interactions between
alkali cations and anionic headgroups of POPS are present, too. How-
ever, they are weaker than those with carbonyl groups due to the
presence of nearby choline groups and intramolecular COO ™ -choline
pairing. As a result, anionic headgroups of POPS serve primarily as an
“electrostatic spacer” between the cation-enriched carbonyl region of
the bilayer and the anion-enriched water phase region next to the bi-
layer. Consequently, more cations undergo adsorption in the mixed
POPS/POPC system than in the pure POPC bilayers.

The presence of monovalent salts results also in dehydration of the
carbonyl region of the mixed POPC/POPS bilayer and a hindered dynamics
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Fig. 8. Radial distribution functions (and integrals thereof — inset) calculated for atom-
ic pairs between oxygen atoms of carbonyl groups in both sn-1 and sn-2 chains of POPC
molecules and oxygen atoms of water molecules. Calculations were completed over
last 50 ns of trajectories.
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at the glycerol level, observed both in simulations and SR measurements.
This results in a lower polarity and mobility in this region, affecting the
dynamical properties of the mixed membrane. It is noteworthy that
such a decrease in local polarity was not observed for the pure POPC sys-
tem. Alkali cations (particularly sodium and, to a lesser extent, also potas-
sium and cesium) also form bridges between lipid molecules, with a
preference toward a 3-lipid complexes. Similar effects were previously
observed for pure POPC bilayers. One may have expected that in the
mixed POPC/POPS system the repulsive interactions between anionic
POPS lipids would weaken the tendency for lipid clustering, however,
no such weakening was observed. This may be a consequence of the effec-
tive screening of the repulsive interactions by the presence of cations in
the aqueous phase.
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