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The influence of monovalent salts (NaF, NaCl, NaBr, NaClO4, KCl) on the
properties of lipid bilayers composed of binary mixtures of zwitterionic DOPC
(dioleoylphosphatidylcholine) and cationic DOTAP
(dioleoyltrimethylammoniumpropane) is experimentally measured and
numerically simulated. Both approaches report a specific adsorption of the
studied anions at the cationic bilayer. The adsorption is enhanced for higher
content of DOTAP in DOPC/DOTAP mixtures and for larger anions (Br� and
ClO4

�). The nonmonotonic dependence of the lipid headgroup mobility,
determined using time-dependent fluorescence shifts of Laurdan located at the
bilayer carbonyl level, on the content of cationic lipid is preserved in all examined
salt solutions. Its maximum, however, is shifted towards higher DOTAP
concentrations in the row: NaF < NaCl < NaBr. The same ordering of salts is
found for the simulated area per lipid and the measured rigidification of pure
DOTAP bilayers. Simulations reveal that Br� strongly binds to the cationic
headgroups of DOTAP neutralising the bilayer, which induces lateral
inhomogeneities in the form of hydrophilic and hydrophobic patches at the
membrane–water interface for pure DOTAP. In the equimolar DOPC/DOTAP
mixture the neutralising effect of Br� results in bending of the PC headgroups to
a bilayer-parallel orientation. F�, while attracted to the DOTAP bilayer, has an
opposite effect to that of Br�, i.e. it increases local mobility at the lipid carbonyl
level. We attribute this effect to the disruption of the hydrogen-bonded structure
of the molecules of lipids and water caused by the presence of the adsorbed F�.

1 Introduction
Lipid bilayers are supramolecular aggregates with a complex, yet well-defined struc-
ture.1 Being the fundamental structural units of all biological membranes they are
often used as model systems in science. The self-assembly and the maintenance of
the organization of the amphiphilic molecules of lipids in the bilayers is governed
by the hydrophobic effect.2 Yet, number of weak interactions with macromolecules
as well as with salt ions affect the physical and biological properties of lipid
membranes.3 Specific ionic effects investigated in lipid membranes are often related
to either the direct or reversed Hofmeister series.4,5 The studies were usually limited
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to the physiologically most abundant ions (Na+, K+, Cl�, Ca++, or Mg++) and the
most common lipids or lipid mixtures (neutral/zwitterionic and negatively charged
phospholipids). As in many other biological systems, the specificity of the anions
is more pronounced than that of the cations.6 It is, however, possible to amplify
the ionic effects by attracting the ions to the water/lipid interface by tuning the
charge of the lipid bilayer.6–8 This can be easily and precisely achieved by simply mix-
ing an appropriate amount of charged and neutral lipids. We have recently shown
that the addition of 20 mol% of negatively charged phosphatidylserine to the zwit-
terionic phosphatidylcholine (PC) membrane is enough to reveal a strong specificity
of alkali metal chlorides (Na+, K+, and Cs+) in their interactions with lipids.9

Cationic lipids, as opposed to those that have a negative charge, are very rare in
nature. Synthetic cationic lipids are, however, successfully used in gene delivery,
where they are usually associated with a nucleic acid polyanion to protect it and
facilitate its transport into the cell.10,11 Complexes of DNA and cationic lipids are
used in experimental biology to modify cellular genetic make-up in vitro (e.g. to
produce a protein of interest, like green fluorescent protein), but also in gene
therapy.10 There is no doubt that in the complexation of DNA with cationic lipids,
the presence of the counterions, as well as the salt solutions in which the process
occurs, cannot be ignored.

Lipid-based gene delivery systems often include a zwitterionic, so-called, helper
lipid, which can accelerate the uptake of the lipid–DNA complex by the cells.12 It
has been shown that cationic and zwitterionic lipids mix anomalously and that
the properties of lipid bilayers obtained from their mixtures depend non-monoton-
ically on the molar content of the cationic lipid.13–19 This was attributed to the
complex electrostatic interactions between the cationic and zwitterionic headgroups
of those lipids, which leads to (1) repulsion between cationic headgroups, and (2) re-
orientation of the P–N dipole of the zwitterionic lipid toward the aqueous
phase.13,18,20 Thus, when studying interactions of salts with cationic/zwitterionic lipid
bilayers, one could expect not only the presence of the specific anionic effects, but
also the influence of the ions on the above mentioned electrostatic interactions
between the lipids.

The studies regarding interactions of ions with cationic lipid bilayers are scarce.
Macdonald and Seelig, in their 2H NMR, demonstrated, that the binding of chaot-
ropic SCN� to a neutral lipid bilayer can be further increased by the addition of di-
hexadecyldimethylammonium bromide.7 Gurtovenko et al. studied the influence of
NaCl on the structure of a dimyristoylphosphatidylcholine/dimyristoyltrimethylam-
moniumpropane (DMPC/DMTAP) mixture using MD simulations.8 They found
that at 6 mol% of the cationic DMTAP the bilayer behaves as a neutral one adsorb-
ing Na+ to the sn-2 carbonyl, which compresses the bilayer laterally, while Cl�
remains in the aqueous phase. At 50 and 75 mol% of DMTAP no Na+ adsorption
was observed, and while Cl� was attracted closer to the bilayer surface, it still re-
mained in the bulk. Authors concluded that cationic lipid membranes are almost
insensitive to monovalent salt. Further contribution from the same group showed
that also the lipid diffusion in DMPC/DMTAP bilayer is only slightly affected by
NaCl solution.21 Garcia-Celma et al. in their comprehensive investigation of ionic
effects in hybrid alkanethiol/lipid membranes report that DOTAP binds Br� and
ClO4

� stronger than PC does. DOTAP also amplified the anionic specific effects.6
Woiterski et al. determined the amount of water bound to dioctadecyldimethylam-
monium (DODA) halide membranes using attenuated total reflection Fourier-trans-
form spectroscopy.22 They found highly structured water close to the DODAX
bilayer, with 11 H2O molecules bound per DODAF, 1–2 H2O per DODACl and
DODABr. No water was bound to DODAI.

In our previous studies, the time-dependent fluorescence shift (TDFS) method has
been successfully applied to investigate fully hydrated free standing cationic/zwitter-
ionic lipid bilayers. The relaxation time, which characterizes local mobility at the
lipid glycerol level, was found to depend non-monotonously on the content of the
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cationic TAP lipids, with a clear maxima found at 30 and 45 mol% of TAP in
DOTAP/DOPC19 and DMTAP/DMPC23 mixtures, respectively. In the present
study, mixtures of cationic DOTAP and zwitterionic DOPC were used to study
interactions of cationic lipid bilayers with monovalent ions. The two lipids possess
the same aliphatic chains and are fully miscible, thus, the resulting lipid bilayers
are well-defined and their charge can be controlled precisely. TDFS measurements
were performed using the Laurdan fluorescence probe for the series of DOPC/DO-
TAP vesicles with varying lipid composition (0, 6, 15, 30, 50, 75, and 100 mol% of
DOTAP) suspended in different monovalent salt solutions (NaCl, KCl, NaF,
NaBr, NaClO4). In addition molecular dynamics simulations were carried out for
pure DOTAP and equimolar DOPC/DOTAP mixtures in the absence and in the
presence of NaCl, NaF, and NaBr.

2 Methods
2.1 Materials and experimental methods

2.1.1 Materials. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-di-
oleoyl-3-methylammoniumpropane (DOTAP) were purchased from Avanti Polar
Lipids, Inc. (Alabaster, USA). 6-Dodecanoyl-2-dimethylaminonaphthalene (Laur-
dan) was obtained from Molecular Probes (Eugene, USA). Salts were obtained
from Sigma Aldrich (St. Louis, USA): NaCl, NaBr with purity > 99%, NaClO4
with purity 98%, NaF and CsF > 99.99%; from Fluka (Buchs, Switzerland): KCl
with purity $ 98%. Organic solvents of spectroscopic grade were supplied by Merck
(Darmstadt, Germany). All chemicals were used without further purification.

2.1.2 Sample preparation. 150 mM or 1 M salt solutions were prepared in Mili Q
(Millipore, USA) water. Appropriate volumes of stock solutions of lipids (in CHCl3)
and Laurdan (in CH3OH) were mixed in glass tubes to yield a final concentration of
1.0 mM and 0.01 mM respectively. Solvents were evaporated under the stream of
nitrogen, while heated, and left in the vacuum for at least 2 h in order to remove
the remaining organic solvent. The dry lipid film was suspended in 1.5 ml of a salt
solution or water and vortexed for 4 min. Large unilamellar vesicles (LUVs) were
formed by extrusion through the 100 nm pore diameter membrane filters (Avestin,
Ottawa, Canada).

2.1.3 Fluorescence measurements. All measurements were performed in a quartz
cuvette at 10 �C to increase the extent of the relaxation process captured with the
temporal resolution of the instrumentation. Each sample was equilibrated at least
for 10 min before the measurement. Steady-state spectra were measured using Fluo-
rolog-3 spectrofluorometer (model FL3–11; Jobin Yvon Inc., Edison, NJ, USA)
equipped with a xenon-arc lamp. Time resolved fluorescence decays were recorded
using a 5000U Single Photon Counting setup using a cooled Hamamatsu
R3809U-50 microchannel plate photomultiplier. The data were collected for a series
of wavelengths ranging from 400 nm to 540 nm with a 10 nm step. Each decay was
fitted with a multi-exponential function using the iterative reconvolution procedure
(IBH DAS6 software). Laurdan probe was excited at 373 nm with the IBH NanoLed
11 laser diode. Additionally, the emission >399 cutoff filter was used to eliminate the
scattered light.

2.1.4 Time dependent fluorescence shift method. Time dependent fluorescence
shift (TDFS) technique (called also fluorescence solvent relaxation) was described
in detail previously24–27 and has proved to be a reliable tool to determine local lipid
mobility and hydration in model lipid membranes including those composed of
cationic/zwitterionic lipid mixture.19,23 The method is based on the observation of
solvent reorientational motions (solvent relaxation) in the vicinity of the fluorescent
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probe. This rearrangement is a consequence of the rapid change in the charge distri-
bution in the fluorophore upon the electronic excitation. Data are collected as the
time resolved fluorescent decays for a series of wavelength spanning the emission
spectra of the probe. These decays together with the steady-state spectrum are
then used to reconstruct the time resolved emission spectra, TRES(t). TRES(t) are
fitted with a log-normal function in order to determine the position of their maxima,
n(t), expressed in wavenumbers. From the analysis of n(t) two parameters: Dn and s
are obtained.

The first one, the total spectral shift: Dn … n(0) – n(N) was shown to be directly
proportional to the polarity of the medium.24 Due to finite time resolution of every
instrumentation, the so-called time-zero spectrum, TRES(0), is impossible to
measure, thus the value of n(0) cannot be obtained directly. TRES(0) can be,
however, estimated using absorption and steady-state emission spectra measured
in nonpolar solvent as described elsewhere.28 The value obtained for Laurdan was
equal to 23 800 cm�1 and was not affected by the changing lipid composition nor
by the presence of ions. The origin of the polarity in lipid bilayers are mostly the
dipoles of water molecules hydrating the bilayer. Thus, Dn is often interpreted as
the extent of membrane hydration. Although, if some other polar or charged moie-
ties participate in the relaxation process, care should be taken not to misinterpret the
results. Such is the case for some of the ions, which manifest their presence in the
TDFS data in the form of ionic relaxation. For this reason in the present paper
we discuss Dn values rather in terms of polarity than hydration.

The second parameter provides information about the kinetics of the relaxation
process. A convenient measure of the rate of the solvent relaxation is the mean inte-
grated relaxation time, defined as:

s …
ðN

0

nðtÞ � nðNÞ
Dn

dt

Laurdan fluorophore is embedded at the carbonyl level of the lipid bilayer (i.e.
close to the sn-1 carbonyl) (Fig. 1). All the water molecules hydrating this region
are fully H-bonded to the lipids. Therefore, the nanosecond relaxation times

Fig. 1 (a) Chemical structures of cationic DOTAP, zwitterionic DOPC, and the fluorescent
probe Laurdan. FP–N angle between P–N dipole of DOPC and the membrane normal, sn-1
and sn-2 chains are marked. Laurdan fluorophore is located in accord with the results of
parallax quenching,19 and MD.30 (b) Studied ions; the spheres are scaled according to the values
of hydrodynamic radii taken from the literature.31
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measured in lipid membranes reflect the local dynamics of the hydrated lipids rather
than the motion of free water molecules.29

2.2 Simulation methods

Classical molecular dynamics (MD) simulations were performed for membranes
build of 128 lipid molecules (64 in each leaflet). Two different bilayers were studied:
100 mol% DOTAP, and mixed 50 mol% of DOPC with 50 mol% of DOTAP. The
bilayers were built based on a pre-equilibrated bilayer of 128 DOPC lipids with
either all or 64 (32 in each leaflet) headgroups of DOPC changed to TAP+ in order
to form DOTAP molecules. Each system was hydrated by approximately 4600 mole-
cules of water. In order to study the influence of salts, 13 monovalent anions (F�,
Cl�, or Br�) as well as 13 Na+ cations were added to the water phase. Thus the
concentration of salt measured in the water phase was equal to 150 mM. In each
system, an additional number of anions (64 in the mixed DOTAP/DOPC and 128
in the pure DOTAP bilayer) was added to the water phase to neutralize the positive
charge of the DOTAP molecules. Additionally, salt-free systems were simulated
exclusively with the neutralizing Cl� anions present. Test simulations were per-
formed for a doubled ionic concentration (300 mM) for the pure DOTAP bilayer
but no qualitatively new behavior of ions was observed and these systems will not
be discussed here.

Interactions of lipid molecules were described using the non-polarizable united-
atom Berger’s force-field.32 The parameters for DOTAP were derived based on
the DOPC parameters set by removing the phosphate group and using the default
Berger’s parameters for the newly-formed headgroup. The SPC water model, for
which the Berger’s force-field was derived, was used throughout the simulations.33

Force-field parameters for anions and sodium cation were taken from the GRO-
MACS force field34 with the exception of the fluoride anion where the parameteriza-
tion introduced by Horinek et al. was employed.35

MD trajectories of 100 ns length were calculated applying periodic boundary
conditions, with the initial box size of approximately 6.5 � 6.5 � 7.0 nm. Each
system was shortly minimized, equilibrated for 50 ns, and the subsequent 50 ns of
each trajectory were used for the analysis. The length of the equilibration period
was chosen based on the stability of both the area per lipid and the number of
ions adsorbed at the membrane–water interface. The cutoff of 1 nm was employed
for both Lennard-Jones and short-range electrostatic interactions, while the long-
range electrostatic forces were accounted for employing the particle-mesh Ewald
method36 with a Fourier spacing of 0.12 nm and the fourth-order approximation.
Simulations were performed with the semi-isotropic pressure coupling, indepen-
dently in the direction parallel and perpendicular with respect to the bilayer normal,
employing the Parrinello–Rahman algorithm.37 The pressure was set to 1 bar and the
coupling constant of 2 ps was employed. The temperature of 310 K was controlled
with the Nos�e–Hoover thermostat,38 independently for lipid and water phase, with
the coupling constant of 1 ps. Bond lengths within the phospholipids were con-
strained using the LINCS algorithm.39 Water molecules were kept rigid employing
the SETTLE method.40 Equations of motion were integrated using the leap-frog
algorithm with the timestep of 2 fs. Molecular dynamics calculations were performed
with program package GROMACS, version 4.0.7.34

3 Results and discussion
The interactions of monovalent ions with cationic lipid membranes were studied
using TDFS experiments and MD simulations. This combination of methods has
been recently successfully applied to a number of problems.41 Below, we discuss
the salt-induced changes in the properties of cationic lipid bilayers consisted of either
pure DOTAP or DOPC/DOTAP and compared them with those of pure DOPC
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bilayer. First, the TDFS experimental results obtained for different salts and
different DOPC/DOTAP mixtures are discussed. Next, the specific effects of anions
in pure DOTAP bilayer and in the equimolar DOPC/DOTAP mixture that were
observed in simulations are described.

3.1 Experimental measurements of DOPC/DOTAP mixtures

Large unilamellar vesicles (LUVs) formed from binary mixtures of lipids (cationic
DOTAP and neutral DOPC) and labelled with Laurdan were measured using the
TDFS method. The content of DOTAP was: 0, 6, 15, 30, 50, 75, and 100 mol%.
The LUVs were suspended in different monovalent salt solutions. In all of the results
discussed below TDFS parameters reflect local polarity and mobility in the vicinity
of the lipid carbonyls where Laurdan is located. Chemical structures, hydrodynamic
radii of ions, and the location of Laurdan are shown in Fig. 1.

3.1.1 Interactions between DOPC and DOTAP. In Fig. 2 the TDFS parameters
obtained for DOPC/DOTAP vesicles suspended in water, NaCl, and KCl solutions
are shown. In all of the media the relaxation kinetics described by the mean inte-
grated relaxation time, s, is a non-monotonic function of the mole fraction of DO-
TAP in the bilayer, Fig. 2a. The pronounced maximum of s observed at 20–30 mol%
DOTAP means that the moderate content of cationic lipid rigidifies the bilayer,
which restricts the mobility of the hydrated carbonyls probed by Laurdan. Higher
content of DOTAP lowers the values of s, and the relaxation becomes faster again
– local mobility is increased. This effect was observed in our earlier studies.19,23 The
reason of that unexpected bilayer rigidification was first identified in the NMR
studies13 of non-ideal mixing of cationic and zwitterionic lipids. Later it was also

Fig. 2 Mean integrated solvent relaxation time, s (a), and total spectral shift, Dn (b) measured
using TDFS of Laurdan in mixed DOPC/DOTAP vesicles as a function of DOTAP content.
Data were measured at 10 �C for LUVs suspended in water, NaCl, and KCl. The lines represent
polynomial fits and are shown as a guide to the eye only.
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simulated in detail for DMPC/DMTAP mixture.18 The molecular interpretation is as
follows. TAP (trimethylammoniumpropane) cationic headgroup interacts electro-
statically with the zwitterionic head of the phosphatidylcholine (PC), i.e. it attracts
the phosphate anion and repels the NH3

+. This leads to the straightening of the P–N
dipole of PC molecule (FP–N angle defined in Fig. 1 decreases) and the resulting
lateral compression of the bilayer (simulated area per lipid decreases18). This effect
was also observed in the present MD simulations for the equimolar DOTAP/
DOPC system. For higher content of TAP+, TAP-TAP repulsion starts to dominate
and the bilayer expands again. This creates more space between the lipid molecules
and makes the relaxation probed by Laurdan faster. The structural changes in
DOPC/DOTAP bilayer are schematically depicted in Fig. 2a.

3.1.2 Water, KCl and NaCl – effect of salt concentration. The previously pub-
lished TDFS experiments were performed for 10 mM Hepes pH … 7.4 with 100
mM NaCl.19,23 In the present work DOPC/DOTAP vesicles suspended in water
and in unbuffered solutions of 150 mM and 1 M NaCl and KCl were investigated.
As it is visible in Fig. 2, while no major differences between KCl and NaCl were
observed, the TDFS experiment was sensitive to the presence of salts. Increasing
salt concentrations resulted in an elevated relaxation time (Fig. 2a) reporting
a slowed down mobility at the carbonyl level. This effect was more pronounced
for the cationic bilayers than for the pure neutral DOPC. Moreover, for lower DO-
TAP contents (up to 30 mol%) the s values increased considerably upon addition of
150 mM salts, but did not change much when the salt concentration was further
increased, i.e. Langmuir-like saturation was observed with the adsorption constant
of Na+ decreasing �4.5 times when the DOTAP content increased from 0 to 30 mol
%. On the contrary, the mobility of more cationic bilayers (i.e. $ 75 mol% of DO-
TAP) was very little affected by 150 mM salt solutions, but increased for the 1 M
solutions. We believe that those two different types of salt concentration effects orig-
inate from the different dependence of the adsorption of metal and chloride ions to
the DOPC/DOTAP bilayer on the DOTAP content.

It is known that Na+ is able to adsorb not only to negative,42 and neutral,43–45 but
also to slightly cationic8,21 phospholipid bilayers, which usually restricts their mobility
probed by TDFS. In the case of K+, however, there is a disagreement between the
results of our measurements and the MD simulations published. Except for the
pure DOPC sample for which s values for 1 M KCl and NaCl were 1.56 and 1.62
ns, respectively, Laurdan does not report any differences between KCl and NaCl,
as for both salts the curves in Fig. 2a look almost identical. In previous MD simula-
tions it was shown that, while Na+ easily adsorbs to either phosphate44 or carbonyl
groups43 of PC, K+ is often reported to be only weakly associated with the
bilayer.44,46,47 This discrepancy can have a twofold reason. First, the type of K+

adsorption and the location of Na+ in the bilayer were shown to be force field-depen-
dent,47,48 thus, the effect of K+ might be underestimated in MD. Second, it is also
possible that TDFS is not sensitive enough to distinguish the effects of Na+ and K+

in neutral membranes. The substitution of 20 mol% of POPC with negatively charged
POPS was found to be enough to reveal a strong cation specificity in the TDFS exper-
iment.42 Nevertheless, the present results show that both Na+ and K+ hinder mobility
at the carbonyl level of DOPC/DOTAP bilayers with low DOTAP content.

For more positively charged bilayers cation adsorption is very unlikely, but chlo-
ride can associate with the bilayer more strongly. Chloride anions are usually only
weakly associated with neutral lipid bilayers. They can be present at the phosphate
level creating an electric double layer with deeper located sodium, but do not present
any pronounced density peak.44 For DOPC/DOTAP bilayers with high content of
DOTAP, chloride is going to be attracted by the TAP+ groups, which would hinder
the headgroup mobility. This adsorption is apparently not strong enough to screen
the electrostatic interactions between TAP+ and PC headgroups, since the maximum
of s as a function of DOTAP content is preserved despite the salt presence.
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The discussed above different salt concentration dependences for different DO-
TAP contents result in the change of the shapes of the s curves presented in
Fig. 2a and consequently the shift of the position of s maximum. The s maximum
present for water at �21 mol% of DOTAP shifts to �23, and 31 mol% for
0.15 M and 1 M salt solutions, respectively.

The polarity at the carbonyl level of DOPC/DOTAP bilayers characterized by Dn
parameter was not much altered by the presence of NaCl nor KCl; see Fig. 2b. An
increase above 15 mol% of DOTAP is subtle and within the experimental error
(50 cm�1). Dn is usually the less sensitive TDFS parameter, which was also true in
the case of the previous studies.19

3.1.3 Specific anion effects: NaF, NaCl, NaBr, NaClO4. 150 mM sodium salt
solutions (NaF, NaCl, NaBr, and NaClO4) were used to study the interaction of
monovalent anions with DOPC/DOTAP mixtures. The obtained TDFS parameters
are collected in Fig. 3. On the contrary to the cations, for which the lack of specific
effects was not surprising, the effects of the anions differ markedly for bilayers with
higher content of DOTAP. Below the results of the integrated relaxation time
(Fig. 3a) and later the ones of the total spectral shift (Fig. 3b) are discussed.

For pure DOPC, s values are almost the same for all of the sodium halides, while
the one for perchlorate is lower and close to that obtained for water. This agrees well
with our previous studies,45,49 where it was shown both by TDFS and MD simula-
tions that large polarizable anions, such as I�, ClO4

�, and SCN� penetrate easily
into the DOPC bilayer headgroup region, where they increase polarity and mobility
(1 M salt solutions were used). An addition of DOTAP causes a steep increase of s
values for NaClO4 (Fig. 3a). Already at 6 mol% of DOTAP the effect observed in
pure DOPC is cancelled. ClO4

� is likely to attract TAP headgroups, which hinders

Fig. 3 Mean integrated solvent relaxation time, s (a), and total spectral shift, Dn (b) measured
using TDFS of Laurdan in mixed DOPC/DOTAP vesicles as a function of DOTAP content.
Data were measured at 10 �C for LUVs suspended in NaF, NaCl, NaBr, and NaClO4. The lines
represent polynomial fits and are shown as a guide to the eye only.
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bilayer mobility. At 30 and 50 mol% of DOTAP the s values for ClO4
� are the high-

est. The interactions between perchlorate and DOTAP are so strong, that the forma-
tion of the vesicles with more than 50 mol% DOTAP was no longer possible, i.e. lipid
film containing 75 and 100 mol% of DOTAP could not be suspended. Similar effects
are expected for all soft anions (SCN�, ClO4

�, I�, Br�). They adsorb to the neutral
bilayers due to their polarizability making the bilayer more mobile by repealing the
negatively charged phosphates. On the contrary, they should bridge DOTAP mole-
cules by attracting the TAP+ groups, which would hinder the mobility of the DOPC/
DOTAP bilayer. The effect of the stiffening of the cationic membrane is indeed
observed here and follows the reversed Hofmeister series: ClO4

� > Br� > Cl� >
F�. Thus, the introduction of the cationic lipid reverses the Hofmeister series. The
more polarizable and larger the anion, the stronger are its interactions with the
cationic bilayer. This effect is the most pronounced for pure DOTAP, where the
substitution of fluoride by bromide slows down mobility at the carbonyl level
more than 2 times. The above mentioned effect is also responsible for the shifting
of the maximum of s, which can be observed at �13, �23, and 34 mol% of DOTAP
for NaF, NaCl, and NaBr, respectively.

Fluoride has an opposite effect to that of bromide and makes the DOTAP bilayer
more mobile than it is in NaCl or in water. It is important to mention here, that the
DOTAP used for the formation of liposomes had chloride as a counterion, so even in
the ‘‘pure water’’ sample a 1 mM concentration of chloride was present. It is,
however, unlikely that such a small concentration would produce the difference in
s for the DOTAP bilayer, which was 0.76 and 0.54 ns for water and 0.15 M NaF,
respectively; especially that the chloride counterions were also present in the NaF
solution. While it is well agreed that fluoride does not adsorb to the neutral lipid
bilayers50 the strong electrostatic interaction with pure cationic bilayer may easily
change this rule; in fact, MD simulations point to the adsorption of F� at the bilayer
(see Section 3.2). Thus, it is also possible that the propensity of fluoride to form
strong hydrogen bonds disturbs the structure of water hydrating the headgroups
of DOTAP. To rule out a possible effect of pairing of F� with Na+ DOPC/DOTAP
vesicles were suspended in 0.15 M solution of CsF. The obtained results (data not
shown) were indistinguishable from those obtained for NaF, which demonstrates
that the effects observed for fluoride are not counterion-specific.

In TDFS experiments in model lipid membranes Dn usually corresponds to the
hydration of the bilayer, since the main source of dipolar relaxation in the probe
vicinity are the molecules of water. Thus, both TDFS parameters, Dn and s, are often
related: the bilayer that is more hydrated is often more mobile, while dehydration
restricts mobility. In the case of interactions of sodium halides with DOTAP this
is clearly not the case (Fig. 3b). Bromide, which restricts mobility at the carbonyl
level, at the same time increases Dn; fluoride has the opposite effect.

In the cases where ions can be present in the vicinity of the fluorophore, Dn might not
be interpreted in terms of bilayer hydration. It is known that the presence of ions can
increase Dn probed in a neat solvent, due to the so-called ionic relaxation, during which
the ions undergo translational diffusion in the solvation shell of the fluorophore.51 To
test the hypothesis of the possible influence of the ionic relaxation on the increase of Dn
measured for bromide, a Laurdan anolog – Prodan – was used. Prodan, which is
considerably more soluble in water than Laurdan, was dissolved in 1 M NaBr solution
and in pure water. Indeed both the steady-state emission spectra and the TRES of Pro-
dan were �100 cm�1 red-shifted in NaBr solution. This demonstrated that the elevated
Dn values obtained for bromide can result from the ionic relaxation. Note, that the MD
simulations show a strong clustering of TAP+ groups induced by Br� (see Section 3.2),
which may be an additional source of the non-typical behaviour of Dn.

Possibility of Laurdan fluorescence quenching by Br� was also tested. DOTAP
vesicles containing 1 mol% of Laurdan were titrated with 2 M solutions of NaBr.
A small reduction (about 6%) of the fluorescence lifetime was measured for 1 M
NaBr concentration, but no changes were detected for 150 mM solution. Also the
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Stern–Volmer quenching constant KD measured for Prodan dissolved in water was
(0.25 � 0.03) M�1 for NaBr, which is relatively low in comparison to NaI, for which
KD … (2.47 � 0.04) M�1.

Lowering of Dn values obtained for DOTAP upon addition of NaF is difficult to
interpret based on the experimental data alone. It is discussed in the simulation
section (Section 3.2).

3.2 Molecular dynamics simulations

MD simulations were performed for pure DOPC and equimolar DOPC/DOTAP
bilayers in the presence of 150 mM NaF, NaCl, and NaBr; in order to elucidate
the molecular background of the strong specific anionic effects observed in TDFS
experiments for monovalent atomic ions. The area per lipid (APL) and the
membrane thickness calculated based on MD simulations are presented in Table
1. APL of the pure DOTAP bilayer in the absence of salts, i.e., in the presence of
Cl� counterions only, is increased with respect to the purely zwitterionic DOPC
bilayer, whereas under the same conditions in the mixed DOPC/DOTAP bilayer
reduction of APL occurs. This is in accord with previous experimental and compu-
tational studies which have demonstrated that the lateral expansion of the purely-
cationic membrane occurs due to electrostatic repulsion between DOTAP molecules
whereas compression is observed in the mixed system resulting from the rising of
DOPC headgroups interacting with the headgroups of DOTAP.19,52

In the case of the DOTAP bilayer, the presence of the considered 150 mM salt solu-
tions causes the reduction of APL with respect to the system containing solely chloride
counterions. APL in both NaCl and NaF solutions accounts for 86% of the value for
the salt-free system while a significantly stronger reduction of APL is evident in the
NaBr solution where APL equals 65% of that in the salt-free case. The bilayer thick-
ness increases upon addition of salts. Similarly to the APL, the change of the thickness
is relatively moderate in both NaCl and NaF solutions and strong in the presence
of NaBr. The same effects, although less pronounced, occur in the case of the mixed
DOTAP/DOPC bilayer. The nonmonotonic changes of the lateral lipid compression
with the increasing DOTAP content resembles those of the relaxation time observed in
the experiments (Fig. 2a) – in both salt-free and NaCl cases, APL decreases in the
mixed DOTAP/DOPC bilayer, and significantly increases in the 100% DOTAP
bilayer with respect to the DOPC one. The relation between the calculated APL
and the experimental parameter s is not direct, as demonstrated in our previous
studies;41 however, a qualitative agreement is expected.

The structural properties of the investigated bilayers along the direction of the
membrane normal, as well as propensity of ions toward the lipid–water interface
can be evaluated based on the density profiles presented in Fig. 4. Due to

Table 1 Area per lipid and bilayer thickness calculated in MD simulations. The data for the
salt-free DOPC systems are taken from ref. 53. Membrane thickness is calculated as a distance
between the maxima of the positions of phosphate groups

Lipid composition Salt APL/nm�2 (�0.01) Thickness/nm (�0.05)

DOPC — 0.68 3.87
DOTAP — 0.74 3.40

NaF 0.64 3.89
NaCl 0.64 3.90
NaBr 0.48 4.75

DOPC/DOTAP (1 : 1 mol/mol) — 0.56 4.07
NaF 0.56 4.05
NaCl 0.56 4.18
NaBr 0.52 4.42
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electrostatic interactions between cationic DOTAP and anions, all considered nega-
tive ions exhibit affinity towards the DOTAP bilayer, as evident from the presence of
the anion density profile peaks at the water–membrane interface (Fig. 4a–c). Br�

anions adsorb strongly at the lipid bilayer specifically in the region occupied by
the TAP+ groups: the two peaks overlap. Adsorption of both Cl� and F� is weaker:
their peaks are broader and shifted �0.2 nm outward with regard to the TAP+

groups. The behaviour of sodium cations differs in the case of each salt. In the
NaCl solution, Na+ ions remain predominantly in the water phase, with only a small
fraction penetrating toward the carbonyl groups of lipids. In the case of NaF, an
enhancement of the Na+ density at the membrane–water interface is observed,
outward from the region occupied by F�. In the NaBr solution a specific adsorption
of Na+ ions occurs; namely, some fraction adsorbs close to the carbonyl groups
while another resides in the region occupied by both TAP+ and Br�. Note, that since
the number of sodium cations accounts for merely 9% of the anions, the influence of
the cations on the bilayer is negligible when compared with that of the anions.

Fig. 4 Density profiles of ions, water, and selected components of lipid bilayers in different
salt solutions for pure DOTAP (a–c) and mixed DOTAP/DOPC (d–f) bilayers. Densities
from both bilayer leaflets are averaged. For clarity of presentation, the densities were renormal-
ized. In particular, the ratio of the cation to anion density is enhanced.
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The average positions of both TAP+ and carbonyl oxygen atoms in the NaBr solu-
tion are shifted outward from the bilayer center with regard to the systems with the
two other salts. This is a manifestation of the increase of the bilayer thickness in the
NaBr solution, as discussed beforehand. Penetration of water into the membrane
differs significantly between the NaBr and the two other salt solutions; in the former
one, bilayer hydration is reduced, as evident from the decrement of water density in
the region occupied by both TAP+ and carbonyl groups of lipids. The diminished
water penetration likely results from the reduced APL, since the decreasing average
lipid–lipid distance causes steric hindrance for water molecules. In the NaBr solu-
tion, a significant difference between the shape of the density profiles of sn-1 and
sn-2 carbonyl oxygens is present, suggesting alteration of the lipid configurations;
this issue is addressed later on.

In the mixed DOTAP/DOPC system, no qualitative differences in the penetration
of anions toward the bilayer are observed in comparison with the DOTAP bilayer,
although their distributions are slightly broader and shifted outward from the
bilayer center. In the case of Cl� and F� their maxima colocalize with those of
DOPC choline. The behavior of the cations shows two dissimilarities. First, in
both NaCl and NaF solutions cations are strongly repelled from the water–lipid
interface. This is most likely due to electrostatic interactions with positively charged
choline groups of DOPC; see the density profile peak of choline effectively sepa-
rating the peak of cations from the membrane. Second, in the NaBr solution a deeper
penetration of Na+ toward carbonyl groups occurs. Such an attraction of Na+

toward the bilayer results from the neutralization of the positive charge of the
bilayer by massively adsorbed Br� anions. Then, the adsorption of sodium in the
carbonyl region occurs, in accord with the tendency of Na+ to bind with carbonyl
groups of phosphatidylcholines, which was demonstrated in previous computational
studies.9,47

In Fig. 5 the distribution of P–N dipoles orientation calculated for DOPC in the
mixed DOTAP/DOPC system is depicted. In all the systems, except the one contain-
ing Br� ions, the P–N dipoles are pointing predominantly outward from the
membrane, and the distribution is shifted toward lower angle values with respect
to the distribution calculated in the salt-free DOPC bilayer. This agrees with similar
observation for DOPC in the presence of salts.54 In the case of Br�, P–N dipoles
predominantly orient in parallel with respect to the lipid–water interface. Such orien-
tation is also evident based on the density profiles (see Fig. 4) where the positions of
the peaks corresponding to the choline and phosphate groups of DOPC are much
closer to each other in the presence of Br� than in the two other systems. Such an
orientation of DOPC headgroups in NaBr solution is remarkable and unexpected
in light of the reduced APL in this system because, in general, an increased lateral
packing of lipids can be expected to cause the rising of headgroups due to the steric
effect. However, in the mixed DOPC/DOTAP bilayer molecules of DOTAP are
located, on average, deeper in the membrane than molecules of DOPC (see the posi-
tions of the peaks of TAP+ and DOPC phosphate in Fig. 4f). An inspection of MD
trajectories revealed that the buried DOTAP molecules act as a spacer between
DOPC, therefore reorientation of the DOPC headgroups is no longer hindered by
the packing of lipids; the same is also valid in the case of the two other salts. It is,
thus, electrostatics that governs the orientation of the P–N dipole. The presence
of Br� anions, which fully neutralize TAP+ cations, allows the DOPC headgroups
to return to their usual parallel conformation, as in a pure PC bilayer. In fact, the
distribution of the FP–N angle in DOPC/DOTAP with 150 mM NaBr discussed
here is narrower than the one in pure PC bilayers.9,18 Such a narrow distribution
is likely the effect of attraction of the choline groups to the Br� anions that reside
below the choline groups of DOPC, which stabilizes P–N dipoles of DOPC in the
bended conformation.

More specific analysis of the structural properties of the investigated bilayers can
be gained from the analysis of the radial distribution functions (g(r)s) presented in
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Fig. 6. TAP+–water g(r)s depicted in Fig. 6a demonstrate that DOTAP headgroups
are relatively well hydrated in the presence of both NaCl and NaF while they are
dehydrated in the NaBr solution. This corroborates with the reduced hydration dis-
cussed beforehand based on the density profiles for the bilayer in the NaBr solution.
The same hydration trend for the changing salt is visible in the radial distribution
functions calculated for carbonyl groups and water (results not shown). The same
tendency is also observed in the case of the mixed DOPC/DOTAP. In general,
hydration of the studied bilayers for the simulated salt solutions decreases in the
row: NaF z NaCl > NaBr.

As evident from TAP+-anion g(r) functions in Fig. 6b, qualitative differences exist
between the interactions of investigated anions with DOTAP headgroups. Namely, in
the case of Br� a very pronounced peak at �0.35 nm is present, demonstrating a signif-
icant affinity of Br� toward TAP+ groups; in accord with the conclusion based on the
density profiles presented in Fig. 4. Specific interactions of both Cl� and F� with TAP+

also occur, as can be concluded from the presence of the g(r) peaks at the distance of
approximately 0.5 nm; however, these interaction are weaker than in the case of Br�.
Chloride ions are somewhat tighter bound to the DOTAP headgroups than F�, as the
g(r) peak for Cl� is more localized. The positions of the first peaks in Fig. 6b demon-
strate that Br�, while being the largest among the considered anions, resides from the
nearest to the center of the TAP+ groups, which indicates formation of contact ion
pairs between Br� and TAP+. Both Cl� and F� remain at a relatively larger distance,
predominantly above 0.4 nm, from the DOTAP headgroups, suggesting the presence
of water-mediated anion-TAP+ configurations.

Further structural features of the DOTAP bilayer in the investigated salt solutions
can be inferred based on the lipid–lipid radial distribution functions. As shown in
Fig. 6c, there is a well pronounced peak at 0.6 nm in the TAP+-TAP+ g(r) for
NaBr solution which demonstrates the presence of Br��induced clustering of DO-
TAP molecules via their headgroups. The first peak of the g(r) corresponds to five
TAP+ groups neighboring an average TAP+ group in the radius of 0.9 nm (based
on the cumulative sum of the radial distribution function). The DOTAP headgroups

Fig. 5 Normalized distributions of FP–N angles of DOPC in the mixed DOTAP/DOPC (50/50)
bilayers; 0� represents P–N dipoles pointing outward of the membrane and 180� toward the
membrane interior.
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clustering in both NaCl and NaF are weaker, the peaks are located at 0.8 nm and the
number of five TAP+-TAP+ neighbors is reached only at the distance of �1.1 nm.
Note, that there is virtually no difference between the influence of Cl� and F� on
the clustering of headgroup. Carbonyl–carbonyl radial distribution functions calcu-
lated for the sn-2 chains, presented in Fig. 6d, with well-pronounced peaks located at
approximately 0.4 nm, show that clustering of lipid molecules occurs at the level
occupied by carbonyl groups which is deeply buried in the bilayer. In this region,
the differences between the salts are quantitative, with the tendency for lipid clus-
tering increasing in the row: NaF < NaCl < NaBr. Note, that in contrast to the clus-
tering of TAP+ groups, some minor differences between the peaks calculated for Cl�
and F� are present here. The ability to induce lipid clustering by the investigated
anions is in accord with the changes in the experimentally measured local mobility
at the carbonyl level (Fig. 3a). The strong headgroup clustering in the NaBr solution
causes rigidification of the bilayer and hindrance of lipid motions. This effect is
confirmed by the lateral diffusion coefficients calculated based on MD trajectories,
equal to 1.5 � 0.2, 1.4 � 0.2, and 0.1 � 0.2 � 10�7 cm2 s�1 for the DOTAP bilayer in
NaF, NaCl, and NaBr solutions, respectively. In the case of mixed DOPC/DOTAP
bilayers, qualitatively the same trends in both the binding of ions and lipid clustering
are observed based on the g(r) functions (data not shown). Minor quantitative
differences occur, mainly a stronger clustering of DOTAP lipids. This is because

Fig. 6 Partial radial distribution functions calculated for the pure DOTAP bilayer between
nitrogen atoms of TAP groups and oxygen atoms of water (a), nitrogen atoms of TAP groups
and anions (b), nitrogen atoms of TAP groups between the lipids (c), and sn-2 carbonyl oxygen
atoms between the lipids (d). For presentation purposes all curves are truncated at the distance
of 2.5 nm.
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in the mixed bilayers, where the salt concentration was unchanged with regard to the
simulations of purely-cationic membranes, the same number of anions interacts with
a reduced number of positively charged DOTAP molecules.

A visual inspection of MD trajectories revealed that in the NaBr solution the clus-
tering of DOTAP headgroups leads to formation of patches of TAP+ groups bound
together by Br� anions, accompanied by the hydrophobic patches of hydrocarbon
chains exposed to the water phase, as depicted in Fig. 7. Such lateral heterogeneities
were not observed in the case of either NaCl or NaF. In the case of the mixed DOPC/
DOTAP membrane, Br� anions interact predominantly with DOTAP lipids forming
tightly bound clusters of DOTAP molecules in a matrix of DOPC; hydrocarbon
chains of lipids are not exposed to water in this system. In the case of the mixed bila-
yers, Cl� and F� interact predominantly with DOTAP molecules; however, interac-
tions of anions with DOPC are also present.

As revealed in TDFS measurements, there are significant differences between the
influence of Cl� and F� on the mobility and polarity of the cationic bilayer. These
differences were measured at the level of sn-2 carbonyl and are the strongest for
the pure DOTAP samples. They can be explained based on the molecular-level
picture emerging from MD simulations. As evident from the density profiles, both
Cl� and F� can penetrate into the bilayer, toward the carbonyl region of lipids.
The negatively charged oxygen atoms of carbonyl groups do not interact with anions
directly, as the g(r) functions calculated for the sn-2 carbonyl oxygen and anions (not
presented here) have first peaks at the distance of �0.5 nm. Nevertheless, the pres-
ence of anions influences the hydrogen bonding of water in that region and thus,
indirectly, affects the spatial correlations between carbonyl groups. F� anions are
relatively small and form a tight first solvation shell, thus, in the carbonyl region
they strongly bind water molecules and cause a weakening of water-mediated
carbonyl–carbonyl interactions. The solvation shell of Cl� is less rigid and thus
Cl� binds water molecules in the carbonyl region less effectively. This leads to the
increased local lipid mobility probed in TDFS experiment in NaF. On the other
hand, as a consequence of the tight water binding by F�, the water molecules which
solvate fluoride anions should be less active in the solvent relaxation process since
their rotational mobility is hindered. This would rationalize the experimentally

Fig. 7 Typical snapshots of the lipid/water interface (the view from the water phase) observed
in the equilibrated MD trajectories for the pure DOTAP bilayer in NaCl (left) and NaBr
(right). Color coding: yellow – TAP groups, gray – atoms of DOTAP not belonging to TAP,
orange – Cl�, green – Br�. Water molecules and cations are not shown for clarity of presenta-
tion. Homogeneous localization of both TAP and anions is visible in NaCl, whereas formation
of TAP clusters and hydrophobic patches (the latter seen as the grey areas) occurs in NaBr.
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observed reduction of polarity in the vicinity of DOTAP carbonyl groups in the NaF
solution.

4 Summary and conclusions
The aim of this paper was to explore specific interaction of anions (i.e. ClO4

�, Br�,
Cl�, and F�) with lipid bilayers. As demonstrated in our previous study of the inter-
actions of lipid bilayers with alkali cations,9 the level of binding and the specificity of
ions can be enhanced by introducing into the bilayer lipid species of opposite charge.
In the present work we employ a binary mixture of neutral DOPC with cationic DO-
TAP, the two synthetic lipids that differ only in their polar heads. Significant differ-
ences between the effects induced by Br�, Cl�, and F� on lipid bilayers have been
observed in both TDFS measurements and MD simulations. For a detailed interpre-
tation of these results it is essential to understand the interactions between the two
lipids, first, in the absence of salts. We have previously demonstrated that the TDFS
relaxation time, s, which is a measure of local lipid mobility, displays a maximum as
a function of DOTAP content at �30 mol%; namely, with the increasing concentra-
tion of DOTAP in DOPC/DOTAP bilayer the local movements of lipid headgroups
slow down in the range of 0–30 mol% of DOTAP, while for DOTAP contents > 30
mol% these movements become faster.19 As concluded based on the experiments13,14

and MD simulations,18,20 this nonmonotonic relationship can be attributed to the re-
orientation of the P–N dipole of zwitterionic PC as a result of the electrostatic inter-
actions between the headgroups of DOPC and DOTAP. The data presented herein
demonstrate that most of the studied salts were not able to screen effectively these
electrostatic interactions between TAP+ and PC. Thus, the maximum of the relaxa-
tion time as a function of DOTAP content is qualitatively preserved for all of the
salts, although its position shifts toward a larger DOTAP content: (a) with the
increasing concentration of sodium or potassium chlorides, and (b) in the row of
150 mM salts: NaF < NaCl < NaBr, spanning the range from �13 mol% to �34
mol% of DOTAP for NaF and NaBr, respectively. Note in this context that at 50
mol% of DOTAP the vertical orientation of DOPC headgroups is stabilized by
the presence of Cl� anions adsorbed at the bilayer as demonstrated in simulations
(Fig. 4e). Such orientation of headgroups should further rigidify the bilayer, and
thus, hinder the mobility measured by Laurdan. In the view of the previous MD
simulations, in which mixed DMPC/DMTAP bilayers were shown to be almost
insensitive to the presence of up to 1 M NaCl solution, both in terms of their struc-
ture8 and dynamics,21 the kinetics of TDFS of Laurdan proves to be particularly
sensitive to ions interacting with PC/TAP bilayer.

The results of TDFS of Laurdan in DOPC/DOTAP vesicles suspended in 150 mM
sodium salt solutions indicate strong interactions between positively charged bila-
yers and the anions following reversed Hofmeister series of the form: ClO4

� > Br�

> Cl� > F�. In the pure DOTAP bilayer Br� penetrates to the vicinity of the Laurdan
fluorescent probe, which is located at the carbonyl level, where it strongly hinders
local lipid mobility. These experimental results are confirmed by our MD simula-
tions in which Br� is found to strongly and specifically adsorb in the region of DO-
TAP headgroups, inducing lipid clustering via formation of TAP+–Br� ion
complexes. This is accompanied by the overall dehydration of the bilayer, the
increased bilayer thickness and the reduced APL, as well as by reduction of the
lateral mobility of lipids and formation of both hydrophillic and hydrophobic
patches at the membrane–water interface (Fig. 7).

Notably, the effect of large soft anions on the relaxation time probed in a lipid
bilayer is reversed upon the addition of cationic lipid. While in pure DOPC ClO4

�

increases bilayer mobility (similarly to SCN� and I�),45 already at 30 mol% of DO-
TAP the effect is inverted. Large anions, like ClO4

�, due to their significant polariz-
ability, are incorporated deeply into the lipid bilayer, where they repel either DOPC
carbonyls or phosphates, and attract either TAP+ or DOPC cholines.
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Somewhat more subtle effects occur in pure DOTAP bilayers in both NaCl and
NaF solutions. As shown by MD simulations, Cl� and F� do not bind specifically
to the headgroups of DOTAP, and thus, no lipid clustering at the headgroup level
is observed. Nevertheless, even weakly associated Cl� and F� affect the mobility
probed in the TDFS experiments in a distinct way for each anion. These differences
can be rationalized based on the molecular-level picture emerging from MD simula-
tions. Due to the strong affinity to water, the F� anions, when attracted to the
cationic bilayer, disturb its structure by breaking the network of hydrogen bonds
created by molecules of lipids and water. This leads to a more fluid bilayer; in partic-
ular, the mobility probed by Laurdan at the carbonyl level of lipids is significantly
increased. In the case of chloride anions, which penetrate the bilayer but form rela-
tively flexible solvation shells, no strong influence on the mobility of lipids is
observed.
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Does ßuoride disrupt hydrogen bond network in cationic lipid bilayer?
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Time-dependent ßuorescence shift (TDFS) of Laurdan embedded in phospholipid bilayers reports
on hydration and mobility of the phospholipid acylgroups. Exchange of H2O with D2O pro-
longs the lifetime of lipid-water and lipid-water-lipid interactions, which is reßected in a signiÞ-
cantly slower TDFS kinetics. Combining TDFS measurements in H2O or D2O hydrated bilayers
with atomistic molecular dynamics (MD) simulations provides a unique tool for characterization
of the hydrogen bonding at the acylgroup level of lipid bilayers. In this work, we use this ap-
proach to study the inßuence of ßuoride anions on the properties of cationic bilayers composed
of trimethylammonium-propane (DOTAP). The results obtained for DOTAP are confronted with
those for neutral phosphatidylcholine (DOPC) bilayers. Both in DOTAP and DOPC H2O/D2O ex-
change prolongs hydrogen-bonding lifetime and does not disturb bilayer structure. These results are
conÞrmed by MD simulations. TDFS experiments show, however, that for DOTAP this effect is can-
celled in the presence of ßuoride ions. We interpret these results as evidence that strongly hydrated
ßuoride is able to steal water molecules that bridge lipid carbonyls. Consequently, when attracted to
DOTAP bilayer, ßuoride disrupts the local hydrogen-bonding network, and the differences in TDFS
kinetics between H2O and D2O hydrated bilayers are no longer observed. A distinct behavior of ßu-
oride is also evidenced by MD simulations, which show different lipid-ion binding for ClŠ and FŠ .
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4898798]
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I. INTRODUCTION32

A. Heavy water in biology: Importance33

of hydrogen bonds34

For biomolecules, the presence of a surrounding aque-35

ous medium is fundamental for acquiring proper structure36

and function. Biological systems are very sensitive to even37

small changes in solvent properties. Deuterium is twice as38

heavy as protium. Consequently, there is a number of mi-39

nor differences in the physicochemical characteristics of40

light and heavy water (e.g., see the review of Nemethy and41

Scheraga1 and references therein). Higher density, viscos-42

ity, as well as melting and boiling points of D2O indicate43

its more tightly bound structure, nevertheless H2O and D2O44

are still very similar. Still, exchange of H2O with D2O af-45

fects various biological processes, e.g., length of circadian46

oscillation,2,3 formation of red blood cells,4,5 and formation47

of mitotic spindle.4,6 Exchange of more than 20% of body48

weight by heavy water can be toxic for eukaryotes, while49

algae and bacteria can adapt even to pure D2O.4 H/D iso-50

a)Author to whom correspondence should be addressed. Electronic mail:
martin.hof@jh-inst.cas.cz

topic exchange was shown to strengthen covalent DÐO bond51

within the water molecule1,7,8 as well as the non-covalent52

deuterium bonding7,9,10 compared to their respective H-53

analogs. Stronger intramolecular deuterium bonds strengthen54

hydrophobic interactions, which in-turn rigidify native struc-55

tures of proteins and increase their tendency to aggregate56

in D2O.11Ð14
57

B. Effect of heavy water on phospholipid bilayers: 58

Longer lasting hydrogen bonds between the 59

phospholipid headgroups 60

Studies describing D2O effect on biological membranes61

are scarce and mostly focused on the function of membrane62

proteins, like Na+ -K+ ATPase, Na+ -H+ antiporter, or cal- 63

cium voltage dependent channels.4,15Ð20 Better understand- 64

ing of D2O inßuence on lipid bilayer is provided by ex-65

periments using model membranes and theoretical studies.66

Under physiological conditions, lipid bilayers are immersed67

in water media and thus fully hydrated. Water molecules68

penetrate the headgroup region all the way to phosphate69

and carbonyl oxygens21 and connect the lipid molecules70

0021-9606/2014/141(22)/000000/9/$30.00 © 2014 AIP Publishing LLC141, 000000-1

http://dx.doi.org/10.1063/1.4898798
http://dx.doi.org/10.1063/1.4898798
http://dx.doi.org/10.1063/1.4898798
http://dx.doi.org/10.1063/1.4898798
mailto: martin.hof@jh-inst.cas.cz


000000-2 Pokorna et al. J. Chem. Phys. 141, 000000 (2014)

via hydrogen bond network.22,23 Replacement of H2O by71

D2O strengthens this network, which results in a number of72

alterations in properties of the phospholipid bilayers.24Ð29 Dif-73

ferential scanning calorimetry (DSC) data suggest stronger74

packing of hydrocarbon chains24 and lateral compression75

accompanied by stabilization of the bilayer at interfacial76

region.27 Combination of DSC and electron spin resonance77

(ESR) measurements revealed ordering and restricted mobil-78

ity at the phospholipid headgroups induced by D2O.26 Re-79

cent molecular dynamic (MD) simulations by R—get al.30
80

give a comprehensive molecular picture of isotopic effects81

in zwitterionic phospholipid bilayers. The authors postulated82

that while time averaged properties, like area per lipid, mem-83

brane thickness, headgroup tilt or number of water molecules84

interacting with the phospholipids were almost unaffected85

by replacing H2O by D2O, the time-dependent properties86

were altered signiÞcantly. Heavier mass and stronger D-87

bonds compared to H-bonds resulted in a substantially slower88

mobility of heavy water molecules associated with phos-89

pholipid bilayers and more stable (i.e., longer lived) lipid-90

D2O and lipid-lipid interactions. Recently, we conÞrmed91

these computational predictions by a combination of ßu-92

orescence techniques, i.e., ßuorescence anisotropy, ßuores-93

cence correlation spectroscopy, and time-dependent ßuores-94

cence shift (TDFS) measurements.31 The results obtained95

by the latter technique will be further elaborated in this96

paper.97

C. Effect of ions on phospholipid bilayers: Do ßuoride98

anions disrupt the hydrogen bond network between99

the phospholipid headgroups?100

When studying structural properties of light or heavy wa-101

ter, effects of ions are hard to overlook, since their presence102

can either destabilize or stabilize local hydrogen bond net-103

works around them.32 SpeciÞc interactions of different salts104

with biomolecules have been studied since the pioneering105

works of Hofmeister,33,34 who has ordered the ions accord-106

ing to their ability to precipitate proteins. The speciÞc ionic107

effects in lipid membranes can be emphasized by tuning the108

charge of the membrane.35Ð37 For example, the addition of 20109

mol. % of negatively charged POPS to POPC bilayer helps to110

enhance the effects of monovalent cations.38 Similarly, the in-111

troduction of the positive charge enhances binding of anions112

and underlines their speciÞcity.35,37 Our recent study39 apply-113

ing the TDFS method reported strong adsorption of weakly114

hydrated ions (BrŠ , ClO4
Š , and SCNŠ ) to cationic bilayers115

accompanied by membrane compression and hindered head-116

group mobility. The strongly hydrated ßuoride and acetate117

ions behaved in the opposite way, leading to increased lipid118

mobility within the headgroup region of the cationic bilayer.119

We hypothesized that this could have been the effect of dis-120

ruption of the local hydrogen bond network present at the lipid121

headgroup region caused by the strongly hydrated anions.122

This hypothesis is tested in the present work. As explained123

below, TDFS method is particularly suitable for the study of124

the presence and duration of the hydrogen bonds within the125

phospholipid headgroup region.126

D. What can we learn on the hydrogen-bonding 127

network between the phospholipid headgroups by 128

probing time-dependent ßuorescence shift of 129

Laurdan? 130

The TDFS technique induces an ultrafast change in the131

dipole moment of the chromophore via electronic excitation,132

to which the chromophoreÕs solvation shell is forced to re-133

spond. That response can be monitored by a time-dependent134

shift of the peak maximum of time-resolved emission spec-135

tra (TRES),� (t). The analysis of� (t) reveals independently136

information on the polarity (total amount of ßuorescence137

shift �� = � (0) Š � (� ) is linearly proportional to a po-138

larity function40) and mobility (TDFS kinetics expressed as139

mean integrated relaxation time,
� �

0

�
(v (t) Š v (� )) /�v

�
dt 140

depends on the solvent viscosity of the solvation shell).41 In 141

phospholipid bilayers, TDFS was determined using a series142

of amphiphilic compounds, the chromophores of which probe143

the polarity and mobility at the level of a particular lipid seg-144

ment along the z-axis of the bilayer. The most common of145

these dyes and their location in the phospholipid bilayer are146

depicted in Fig. 2 of Ref.42and in Fig. 4 of Ref.43. Here, we 147

will focus on 6-lauroyl-2-dimethylaminonaphthalene (Lau-148

rdan). Laurdan is certainly the most widely used of such149

compound.44 Since the steep hydration gradient along the z-150

axis of the lipid bilayer governs the read-out parameters�� 151

and � r of an individual membrane probe,45 the knowledge 152

of the precise chromophore location is crucial for the inter-153

pretation of the TDFS. Regarding Laurdan, all-atom clas-154

sical MD simulations yielded mean distances of the Laur-155

dan ßuorophore from the phosphatidylcholine (DOPC) bi-156

layer center of 12.3± 2.1 • and 13.5 ± 2.5 •, for ground 157

and excited states, respectively.46 The relocation of the chro-158

mophore in the excited state occurs on the nanosecond time-159

scale. Wavelength-dependent quenching experiments with160

spin-labeled lipids conÞrm the predictions that Laurdan is lo-161

cated close to the DOPCsn-1 carbonyls; the corresponding162

values of 9.9 • and 12.0 • were obtained for emission at 420163

nm and 530 nm, respectively, resulting in a mean distances164

from the DOPC bilayer center of 11.4± 2.0 • at 20 � C. Lau- 165

rdan position within the studied system is depicted in Fig1. 166

TDFS in the liquid-crystalline phase of lipid bilayers oc-167

curs exclusively on the nanosecond time scale.45 In bulk wa- 168

ter, the process is about 1000 times faster. The residence time169

of bound water within phospholipid headgroups was shown170

to be longer than 60 ns.47 The TDFS is by theory attributed171

to the collective relaxation of the dye environment provid-172

ing no direct information about exchange of single water173

molecules.48 Considering these facts and the location of Laur-174

dan chromophore within bilayers, one can conclude that Lau-175

rdan TDFS kinetics reßects predominantly the rearrangement176

of the hydratedsn-1 carbonyl of a DOPC bilayer in the liquid-177

crystalline phase, while�� mirrors the polarity at this probed178

site which is closely related to the level of hydration of the179

DOPCsn-1 carbonyl.42 The local dynamics of the lipid car-180

bonyls is largely governed by the local hydrogen bond net-181

work created by carbonyls and water molecules.30,31 In the 182

present paper, we show how this dynamics can be affected183

by the presence of heavy water and ßuoride anions. We also184
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FIG. 1. Position of Laurdan probe within the lipid bilayer.46,65

parallel the TDFS results with MD simulations,49 which185

help to understand the experimentally observed interactions186

between lipids, solvents, and ions.187

II. MATERIALS AND METHODS188

A. Materials189

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and190

1,2-dioleoyl-3-trimethylammoniumpropane (DOTAP) were191

purchased from Avanti Polar Lipids, Inc. (Alabaster, USA). 6-192

lauroyl-2-dimethylaminonaphthalene (Laurdan) was obtained193

from Molecular Probes (Eugene, USA). D2O (99.9% D) and194

salts, both with purity� 99%, were purchased from Sigma195

Aldrich (St. Louis, USA). Organic solvents of spectroscopic196

grade were supplied by Merck (Darmstadt, Germany). All197

chemicals were used without further puriÞcation. Lipid struc-198

tures together with Laurdan are depicted in Fig.1.199

B. Sample preparation200

Salt solutions were prepared either in Mili Q (Milipore,201

USA) water or in D2O. Appropriate volumes of stock solu-202

tions of lipids (in CHCl3) and ßuorescent probes (in CH3OH)203

were mixed in glass tubes to yield a Þnal concentration in204

vesicular dispersion of 1.0 mM and 0.01 mM, respectively.205

Solvents were evaporated under the stream of nitrogen, while206

heated, and left in the vacuum for at least 2 h in order to re-207

move residual organic solvent. The dry lipid Þlm was sus-208

pended in 1.5 ml of a salt solution or water and vortexed209

for 4 min or until the lipid Þlm was dissolved. Large unil-210

amellar vesicles (LUVs) were formed by extrusion through211

the 100 nm pore diameter membrane Þlters (Avestin, Ottawa,212

Canada).213

C. Time-dependent ßuorescent shift experiments 214

A detailed description of the method can be found in215

Ref.42. Theoretical background and the deÞnition of the two216

parameters determined during the analysis of the results are217

given in Sec.I D. 218

TDFS experiments were performed at 283 K. Sam-219

ples were equilibrated at least 15 min before the mea-220

surement. Steady-state emission spectra were measured us-221

ing Fluorolog-3 spectroßuorometer (model FL3Ð11; Jobin222

Yvon Inc., Edison, NJ, USA) equipped with a xenon-arc223

lamp. Time-resolved ßuorescent decays were recorded us-224

ing a 5000U Single Photon Counting setup using a cooled225

Hamamatsu R3809U-50 microchannel plate photomultiplier226

(IBH, UK). Laurdan was excited at 373 nm with the IBH227

NanoLed 11 laser diode. The data were collected for a series228

of wavelengths ranging from 400 nm to 540 nm with a 10 nm229

step. Additionally, the emission> 399 cutoff Þlter was used230

to eliminate the scattered light. Each decay was Þtted with231

a multi-exponential function using the iterative reconvolution232

procedure (IBH DAS6 software). 233

TRES were reconstructed from the recorded series of234

ßuorescent decays together with the steady-state emission235

spectrum40 and Þtted in order to determine position of their236

maxima in time after excitation,� (t). Analysis of� (t) decays 237

plotted in wavenumbers yielded two parameters (�� and� r) 238

as described in Sec.I D. Intrinsic uncertainties for the TDFS239

parameters were 50 cmŠ1 for �� , and 0.05 ns for� r. 240

D. Molecular dynamics 241

Atomistic-level classical molecular dynamics simula-242

tions were employed to study interactions of ions with243

DOTAP bilayers. The BergerÕs united-atom force Þeld was244

used for description of lipids.50 Water was modeled em-245

ploying the SPC model which is the default water force246

Þeld for BergerÕs lipid.51 For D2O, the SPC-HW model,247

which effectively accounts for the quantum mechanical dif-248

ference between H2O and D2O within a classical frame-249

work, was used which was previously tested in lipid mem-250

brane simulations.30,31 Parameters for sodium and chloride251

ions were taken from the GROMACS force Þeld,52 while for 252

ßuoride anions the force Þeld introduced by Horineket al. 253

was employed.53 Lipid bilayers containing 128 molecules of254

DOTAP (64 in each leaßet) were simulated. The membranes255

were hydrated with approximately 4600 molecules of either256

H2O or D2O. In each system, 128 anions (either ClŠ of FŠ ) 257

were introduced in the water phase in order to neutralize the258

positive charge of the membrane, corresponding to 1.5 M con-259

centration of anions. Additional 0.16 M of salt ions, either260

NaCl or NaF, was added. These amounts of ions resulted in261

the effective 1.66 M concentration of anions (ClŠ or FŠ ) and 262

0.16 M concentration of Na+ cations. Note that in experi-263

ments with cationic membranes there is a surplus of anions264

present in the water phase in order to neutralize the positive265

charge of the lipids. However, the experimental concentra-266

tions of these neutralizing anions are typically relatively low267

due to a high dilution of lipid vesicles in water. In practice,268

due to computational costs, such a dilution cannot be achieved269
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in MD simulations. A typical size of the simulation box was270

6.4 × 6.4 × 7.3 nm3 with periodic boundary conditions em-271

ployed. Both Lennard-Jones and short-range electrostatic in-272

teractions were cut off at 1 nm, the long-range electrostatics273

being accounted for by employing the particle-mesh Ewald274

method.54 The pressure of 1 bar was controlled independently275

in the directions parallel and perpendicular to the membrane276

with the Parrinello-Rahman pressure coupling scheme em-277

ploying the coupling constant of 2 ps.55 Simulations were278

performed at the temperature of 310 K controlled using the279

Nose-Hoover thermostat algorithm with the 1 ps coupling280

constant.56 The lengths of bonds in lipids were kept constant281

employing the LINCS algorithm and water molecules were282

kept rigid via the SETTLE method.57,58 Simulations were per-283

formed with the GROMACS 4.0.7 software package.52 Equa-284

tions of motion were integrated with the 2 fs time step. Each285

system was simulated for 100 ns. Equilibration was checked286

by means of the convergence of area per lipid and density287

proÞles. The trailing 20 ns of each trajectory were used for288

analysis.289

III. RESULTS AND DISCUSSION290

Ionic effects along with H2O/D2O exchange were inves-291

tigated using TDFS of Laurdan in neutral 1,2-dioleoyl-sn-292

glycero-3-phosphocholine (DOPC) or positively charged 1,2-293

dioleoyl-3-trimethylammonium-propane (DOTAP) bilayers.294

These two lipid systems differ only in their headgroups: zwit-295

terionic PC and cationic TAP; while their double oleic back-296

bones are identical. The results are presented and discussed297

together with the results of MD simulations both already pub-298

lished (speciÞc ionic effects in cationic bilayers, effects of299

heavy water on zwitterionic bilayers) and performed within300

this study (effect of heavy water on cationic bilayer). The salts301

we use to introduce ßuoride or chloride anions to the lipid bi-302

layer were NaCl/NaF (for MD and preliminary TDFS) and303

CsCl/CsF for TDFS. The reason for the use of the later was304

a considerably higher solubility of CsF compared with NaF,305

which allowed us to amplify the ionic effects by using higher306

salt concentrations. The below discussed results are in agree-307

ment with our preliminary study in which sodium salts were308

used.309

A. Zwitterionic bilayers: TDFS experiments310

Relaxation of the hydrated carbonyls of DOPC liposomes311

dispersed in water and salt solutions was monitored using312

Laurdan TDFS. All the solutions were prepared in either H2O313

or D2O. The obtained results are presented as two parameters314

�� and � r separating polarity from the mobility of the po-315

lar environment of the probe, respectively. Both parameters316

for all the measured systems are depicted in Fig.3. Exam-317

ples of the original relaxation curvesÑpositions of the TRES318

are shown in Fig.2. In all of the studied samples, exchange319

of water with heavy water resulted in increased values of the320

integrated relaxation time,� r (Fig. 3(a)). Relaxation time in-321

creased by� 20% in the case of pure water and 1 M CsCl and322

by � 15% for 1 M CsF. Similar� r increase was observed at323

FIG. 2. TDFS correlation functions for Laurdan probing carbonyl region of
DOPC and DOTAP vesicles dispersed in H2O, D2O, and 0.5 M CsF (both in
H2O and D2O). Excitation wavelength: 373 nm and temperature: 10� C.

lower salt concentration, i.e.,� 20% for both 0.15 M NaCl and324

0.15 M NaF (� r values for H2O/D2O were 1.43/1.73 ns and325

1.39/1.69 ns for NaCl and NaF, respectively). These results326

demonstrate the hindrance of the carbonyl mobility of DOPC327

bilayers. When we take into account the presence of the local328

hydrogen bonds network created by water and lipid molecules329

(in this case mainly lipid carbonyls), we can conclude that330

deuteration of water clearly prolongs the average lifetime of331

these hydrogen bonds. This effect was already observed in our332

previous study speciÞcally devoted to the inßuence of D2O on 333

the properties of phosphatidylcholine membranes.31 Namely, 334

we showed that heavy water increased relaxation time by335

� 15% in POPC (at 283 K in 10 mM Hepes, pH 7.4, 0.1 mM336

EDTA) and DMPC (at 310 K in 10 mM Hepes, pH 7.4, 140337

mM NaCl, 10 mM KCl, 0.5 mM EDTA). It is worth mention-338

ing that this signiÞcant hindrance of local mobility is difÞcult339

to probe with other techniques, e.g., the lateral lipid diffusion340

in both systems was not inßuenced by water deuteration.31
341

Unlike � r, the changes in the total spectral shift (�� ) of 342

Laurdan (Fig.3(b)), reßecting the hydration/polarity of lipid343

carbonyls, were all within the experimental error of this pa-344

rameter (� 50 cmŠ1). A visible trend suggesting a slightly de-345

creased polarity upon H2O/D2O exchange (� 30 cmŠ1 in av- 346

erage) was nevertheless observed in our previous study per-347

formed at the same temperature for a more rigid POPC bi-348

layer, for which a signiÞcant�� decrease was detected (140349

cmŠ1).31 The changes in�� probed in lipid bilayers are com-350

monly interpreted in terms of their hydration, since the polar-351

ity is there mainly given by the water molecules that hydrate352

the lipids. Such interpretation is, however, not always valid.353

Indeed, we have identiÞed number of cases where other po-354

larity affecting factors can be responsible for the changes in355

the measured�� .59 The dipole moment of D2O is slightly 356

higher than that of H2O. Thus, one would not expect any de-357

crease of�� solely upon deuteration of water molecules of358

the hydration shell of a probe. This is a good reason to in-359

terpret the previously observed�� decrease as dehydration360

of lipid carbonyls, especially since it was accompanied by361

a slight compression of the membrane observed in MD.31
362
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Recent TDFS studies of pure isotropic liquids have shown363

that �� measured for N-methyl-6-oxyquinolinium betaine364

dissolved in pure D2O was smaller than in H2O.60 We can-365

not exclude that such speciÞc differences between D2O and366

H2O can also affect the�� probed in lipid bilayers.367

The above discussed results are in a very good agreement368

with MD simulations performed by R—get al., who showed369

that while heavy water has only a small inßuence on the struc-370

ture of DPPC bilayer, it considerably slows down the dynam-371

ics of the interactions between the solvent and the lipids.30 It372

is striking that the persistences of H/D bonds between lipids373

and water molecules and water bridges between two lipids,374

as observed in MD, correlate with the measured relaxation375

time of Laurdan.31 More speciÞcally, temperature-dependent376

D2O/H2O experiments together with MD simulations demon-377

strate that Laurdan� r reports on the lifetime of the hydro-378

gen bonds bridging the headgroups of two lipid molecules.379

At the same time the membrane structure, e.g., order pa-380

rameter measured by DPH anisotropy, was almost unaffected381

by D2O.31Q1 382

To the best of our knowledge, the salt effects in lipid bi-383

layers upon H2O/D2O exchange have not been directly ad-384

dressed so far. In the present study these effects are clearly385

noticeable (Fig.3(a)). While relaxation times measured for386

pure water and for 1 M CsCl are very similar to each other,387

presence of 1 M CsF hinders the mobility probed at lipid car-388

bonyls. This is true for both H2O and D2O systems. In our389

previous studies, adsorption of cations to lipid bilayers was390

often linked to increase in relaxation time due to formation391

of ion bridges between lipids.38 However, chloride and ßu-392

oride anions are not expected to interact with phosphatidyl-393

choline bilayer.39 Thus, we attribute the presently observed394

hindrance of the carbonyl mobility to the action of cesium395

cations. The surprising fact that this effect is only observed396

for CsF and not for CsCl suggests that the stronger ion pair-397

ing between Cs+ and ClŠ , in comparison with that of Cs+ and398

FŠ , prevents penetration of Cs+ to lipid carbonyls. Although399

(a) (c)

(b) (d)

FIG. 3. TDFS parameters: integrated solvent relaxation time (a, c) and total
spectral shift (b, d) measured for Laurdan embedded in either zwitterionic
DOPC (a, b) and cationic DOTAP (c, d) lipid vesicles. The vesicles were
dispersed either in pure water or in CsCl or CsF salt solution (1 M for DOPC,
0.5 M for DOTAP). The solutions were prepared in light or in heavy water.
Excitation wavelength: 373 nm and temperature: 10� C.

the presence of CsF inßuences individual� r values, the shift 400

upon H2O/D2O exchange is conserved indicating that solvent401

and ionic effects are independent of each other. Finally, polar-402

ity probed by Laurdan is not affected by the salts (Fig.3(b)). 403

B. Cationic bilayers: TDFS experiments 404

We have shown that a positively charged lipid bilayer at-405

tracts anions revealing their speciÞc interactions with lipids.39
406

Here, we study TDFS of Laurdan in DOTAP vesicles dis-407

persed in the same solutions as those used for DOPC samples408

described above. Due to pronounced adsorption of chloride409

ion, followed by aggregation of DOTAP vesicles, concentra-410

tion of salts had to be decreased to 0.5 M. It should be men-411

tioned that the positive charge of DOTAP molecules we used412

is compensated by chloride counterions, thus there is always413

additional 1 mM chloride in all these samples. The samples414

were checked for monodispersity using dynamic light scatter-415

ing (DLS) and no signs of aggregation was detected. Anal-416

ogous to neutral membranes, cationic bilayers in pure water417

exhibit restriction of carbonyl group mobility upon H2O/D2O 418

exchange. The effect is in this case even more pronounced419

with a � 30% increase of� r (Fig. 3(c)). 420

Ionic effects in DOTAP membranes are clearly much421

more pronounced than in DOPC. This is likely due to electro-422

static attraction between trimethylammonium-propane head-423

groups (TAP) and anions. Our previous study showed that424

adsorption of chloride anions slows down the mobility of425

the carbonyls of DOTAP when dispersed in NaCl or KCl426

solutions.39 The same is observed here for 0.5 M CsCl both in427

H2O and D2O solutions for which� r increases by� 20%. The 428

mobility hindrance upon the H2O/D2O exchange persists;� r 429

increases by� 25%. The measured polarity was affected nei-430

ther by CsCl nor by D2O (Fig. 3(d)). Not even the small de-431

crease of�� upon water deuteration observed in DOPC was432

noticed for DOTAP. 433

The inßuence of CsF on the relaxation time measured434

in DOTAP bilayer is the opposite to that of CsCl;� 25% 435

and 40% decrease for H2O and D2O, respectively. This is in436

line with the elevated carbonyl mobility previously detected437

in DOTAP vesicles dispersed in 0.15 M NaF.39 Interestingly, 438

CsF cancels the� r difference between H2O and D2O. This 439

observation conÞrms our hypothesis proposed in the previ-440

ous study that ßuoride anions, when adsorbing to lipid bi-441

layer, can disturb water-lipid interactions by breaking the lo-442

cal hydrogen bond network.39 Once the local H-bond or D-443

bond network is broken, local mobility at the carbonyl level444

probed by Laurdan is considerably faster and, consequently,445

difference between H2O and D2O containing systems is no446

longer observed. Adsorption of ßuoride can only be achieved447

in cationic membranes. This is because adsorption of such a448

strongly hydrated ion to a hydrophobic interphase involves449

the loss of some of its hydrating water molecules, which is450

unfavorable,61 and has to be counterbalanced by electrostatic451

attractions with cationic headgroups. This is why the effect452

of the hydrogen bond breakage by ßuoride was not observed453

in DOPC vesicles. The presence of CsF also decreases polar-454

ity at DOTAP carbonyls (Fig.3(d)). This effect, which was455
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(a)

(b)

(c)

(d)

FIG. 4. Density proÞles of selected system components along the bilayer
normal.

already observed for NaF, was attributed to water ÒstealingÓ456

by FŠ , i.e., the tight binding of water molecules to FŠ changes457

their rotational mobility and makes them less active in the458

probed relaxation process.39
459

C. Cationic bilayers: MD simulations460

To further characterize the above-described effects of461

heavy water and salt ions on the properties of cationic lipid462

bilayer, we performed MD simulations mimicking the exper-463

imental systems. In MD simulations, we observe that over-464

all structural properties of the investigated DOTAP bilayers465

are not very sensitive to the type of investigated anion (ClŠ
466

vs FŠ ) or water (H2O vs D2O). Namely, the area per lipid467

(APL) for the studied membrane is the same within the error468

bars for all systems, ranging from 0.62 to 0.64 (± 0.01) nm2.469

APL which reßects lateral compactness of lipid membranes470

is typically altered by the change of the membrane environ-471

ment (e.g., by the type of salt).38 We have shown previously472

(a)

(b)

FIG. 5. Radial distribution functions between oxygen atoms of the sn-2 car-
bonyl groups of DOTAP and water oxygen atoms (a), and between the oxygen
of the carbonyl groups (b).

that APL is often inversely proportional to the TDFS relax-473

ation time.38,49 In the present case, however, the changes in474

� r are not reßected in APL. As we show further, the reason475

for the longer relaxation times in D2O observed here are not476

connected with structural alterations, but rather with the dy-477

namics of the hydrogen bonds between the lipids and D2O. 478

Figure4 depicts density proÞles of selected membrane com-479

ponents along the bilayer normal. In all cases, the structure480

of the bilayer, in particular, location of both DOTAP carbonyl481

groups and headgroups is virtually the same. Similarly, the482

penetration depth of the investigated anions (ClŠ and FŠ ) is 483

the same in all systems. The anions are adsorbed at the outer484

region of the water-membrane interface and preferentially lo-485

calized in the vicinity of the cationic DOTAP headgroups.486

There is also certain overlap between the density proÞles of487

ions and the carbonyl groups of DOTAP acyl chains. Na+
488

cations preferentially reside in the water phase with a minor489

penetration into the bilayer. A somewhat different behavior490

can be observed in the system with H2O and NaF where Na+ 491

ions accumulate at the very outer parts of the water mem-492

brane interface because of the tendency of Na+ to form rela- 493

tively strong ion pairs with FŠ . Nevertheless, it is reasonable494

to assume that due to low concentration of cations the inßu-495

ence of Na+ on the bilayer can be neglected. Penetration of496

water (both H2O and D2O) into the membrane is similar in497

all cases. Water penetrates relatively deep into the membrane,498

interacting with both TAP+ and carbonyl groups of DOTAP.499

We monitored interactions of water with lipids by means of500

radial distribution functions (RDF). In Fig.5(a), RDFs cal- 501

culated between carbonyl groups of thesn-2 acyl chains of 502

DOTAP and oxygen atoms of water are shown. The peaks503

located at approximately 0.27 nm correspond to preferential504

water-carbonyl contacts occurring due to hydrogen bonds for-505

mation between either H or D atoms of water and carbonyl506

groups of lipids. There is virtually no difference between the507
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(a)

(b)

(c)

(d)

FIG. 6. Time correlation of contacts between: oxygen atoms of the sn-2 car-
bonyl groups of DOTAP and water oxygen atoms (a), the oxygen atoms of the
carbonyl groups (b), nitrogen atoms of the cationic TMA+ moiety of DOTAP
headgroups and anions (c), nitrogen atoms of the TMA+ and water oxygen
atoms (d).

systems studied. Small differences between the RDF curves at508

longer distances are addressed further in the text. Figure5(b)509

depicts RDFs betweensn-2 carbonyl groups of different lipid510

molecules and represents inter-lipid binding. The curves are511

similar for all systems conÞrming thus that the structure of the512

DOTAP membrane in the region occupied by carbonyl groups513

is not sensitive to the ion and water type.514

The lack of signiÞcant structural differences between515

cationic bilayers hydrated with H2O or D2O observed here is516

in agreement with previous experimental and simulation stud-517

ies of neutral membranes.30,31 At the same time, those stud-518

ies demonstrated that the bilayer dynamics is signiÞcantly al-519

tered by D2O. To address time-dependent properties of the bi-520

layers, we analyzed autocorrelation functions of contacts be-521

tween water and lipid atoms. In Figs.6(a)and6(b), autocorre-522

lation curves for carbonyl-hydrogen (or carbonyl-deuterium)523

and carbonyl-carbonyl contacts are shown. The time scale of524

the carbonyl-water binding is in the range of 1 ns whereas525

(a)

(b)

FIG. 7. Radial distribution functions between nitrogen atoms of the cationic
TMA+ moiety of DOTAP headgroups and anions (a), and water oxygen
atoms (b).

the timescale of carbonyl-carbonyl interactions is in the 10 ns526

range at least. In both carbonyl-water and carbonyl-carbonyl527

cases, the dynamics is slower in D2O with compared to H2O. 528

This Þnding is in agreement with the mobility of the carbonyls529

probed by Laurdan TDFS. Satisfactorily, also the timescale of530

the carbonyl-carbonyl and carbonyl-water interactions agrees531

very well with the TDFS kinetics (cf. Fig.2 and Fig.6). The 532

obtained TDFS relaxation times (0.5Ð1.1 ns) are in the range533

of the correlation times obtained in MD for carbonyl-carbonyl534

(3Ð4 ns) and carbonyl-water (0.03Ð0.11 ns) interactions. The535

observed retardation of bond breaking in D2O is in agreement536

with previous studies of zwitterionic membranes in H2O and 537

D2O where hindering of membrane kinetics was observed in538

heavy water.30,31 MD correlation curves show no signiÞcant539

differences between FŠ and ClŠ ; only in the case of carbonyl-540

carbonyl contacts the presence of FŠ hinders the binding ki- 541

netics slightly more than ClŠ . This small difference is, how-542

ever, inconsistent with the TDFS results showing increased543

carbonyl mobility in the presence of ßuoride, possibly point-544

ing to certain force Þeld inaccuracies, particularly for FŠ . 545

As demonstrated in Fig.4, anions preferentially occupy546

the region of the TMA+ moiety of DOTAP. The contacts be-547

tween TMA+ and anions are quantiÞed by RDFs presented548

in Fig. 7(a). There is a signiÞcant difference between inter-549

actions of TMA+ with either of the two ions. Namely, the550

RDF peak calculated for TMA+ -ClŠ pairs is narrower and551

higher than that for TMA+ -FŠ . These results demonstrate that552

FŠ is able to interact with TMA+ groups at shorter distances553

than ClŠ (due to relatively small ionic radius of FŠ ). How- 554

ever, in the interionic distance terms, the TMA+ -FŠ interac- 555

tions are more ßexible than that of TMA+ -ClŠ . A visual in- 556

spection of the trajectories reveals that anions are relatively557

well hydrated while interacting with the bilayers. ClŠ inter- 558

acts mainly by direct contacts with TMA+ . In the case of FŠ , 559

the hydration shell is relatively tight and, consequently FŠ
560
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frequently forms water separated ion pairs with TMA+ . These561

two modes of TAP+ binding by FŠ are reßected by the struc-562

tured character of the TMA+ -FŠ RDF function (Fig.7(a))563

with the peak at� 0.4 nm corresponding to direct TAP+ -FŠ
564

contacts and the maximum at� 0.6 nm present due to water-565

separated conÞgurations. In the case of ClŠ , which has a more566

ßexible hydration shell, such an effect is not present and the567

direct TMA+ -ClŠ conÞgurations prevail. Notably, the ionic568

effect regarding the TMA+ binding is stronger than the inßu-569

ence of the water type as the RDFs do not differ appreciably570

between H2O and D2O. Note that in the case of halide an-571

ions, the use of polarizable force Þelds can lead to somewhat572

stronger anion-membrane binding than that observed in non-573

polarizable ones.62 Regarding the dynamics, as evident from574

the autocorrelation curves in Fig.6(c), in D2O the breaking575

of TMA+ -anion contacts is slower than in H2O. In addition,576

the kinetics is slower in the presence of FŠ compared to that577

observed for ClŠ . This could be rationalized by a less ßexible578

environment of the more tightly hydrated FŠ .579

Hydration of the DOTAP bilayer in the region of TMA+580

groups is somewhat elevated in the NaF solution compared to581

NaCl (see Fig.7(b)). This effect is caused by the tendency of582

FŠ to bring its tightly bound hydration shell close to the bi-583

layer. Note that such an elevated hydration was not detected in584

TDFS experiment. In fact�� is even decreased in CsF solu-585

tion. This is likely because the tightly bound water molecules586

that hydrate ßuoride ion do not contribute to the relaxation587

probed by Laurdan. The kinetics of TMA+ -water contacts is588

slowed down in D2O (see Fig.6(d)). It is also slightly slower589

in the presence of FŠ . The latter result stems again from the590

tight hydration shell of ßuoride anions.591

IV. SUMMARY AND CONCLUSIONS592

Our combined TDFS and MD study demonstrates a593

number of effects of heavy water and halide anions on the594

properties of cationic and zwitterionic lipid bilayers. Most im-595

portantly:596

(1) Heavy water signiÞcantly slows down lipid mobility597

in the zwitterionic (DOPC) as well as in the cationic598

(DOTAP) model lipid membranes. This is observed ex-599

perimentally at the level of lipid carbonyls probed by600

TDFS of Laurdan in DOPC and DOTAP in pure wa-601

ter, NaCl, CsCl, NaF, and CsF solutions. TDFS results602

obtained for DOPC conÞrm the existence of prolonged603

lifetime of PC-water and PC-PC water bridges, which604

was previously predicted by simulations for DPPC bi-605

layer in D2O.30 The TDFS results obtained for DOTAP606

are in full agreement with the results of the present MD607

simulations. Namely, DOTAP membranes in NaCl, and608

NaF solutions show longer lived D-bonding at both the609

carbonyls and the TAP+ headgroups of DOTAP.610

(2) As opposed to the dynamical properties mentioned in611

point 1, the structure of DOTAP membrane assessed612

with MD is not signiÞcantly affected by water deutera-613

tion. The herein simulated cationic DOTAP bilayer also614

behaves in this respect similarly to the previously inves-615

tigated zwitterionic DPPC.30
616

(3) The presence of chloride and ßuoride salts does not al-617

ter deuteration effects measured by Laurdan TDFS in618

DOPC bilayer. A somewhat hindered mobility that we619

associate with Cs+ bridges between lipid carbonyls is620

observed for CsF both in H2O and D2O. 621

(4) In cationic membrane, experiments indicate that FŠ is 622

able to disrupt local hydrogen bonding to the point623

where the DOTAP carbonyl mobilities in D2O and H2O 624

are no longer distinguishable by Laurdan TDFS. While625

MD results do not conÞrm this Þnding, they clearly626

show differences in the binding of FŠ and ClŠ to the 627

cationic headgroup of DOTAP, i.e., direct binding of ClŠ
628

vs. a mixture of direct and solvent-separated ion pairing629

of FŠ . 630

(5) MD simulations of both FŠ (due to its high charge631

density) and D2O (due to only phenomenological in-632

clusion of isotope effects) suffer from imperfections633

of the force-Þeld used. The ßuoride ions in light and634

heavy water are hard to describe accurately in the frame-635

work of classical force Þelds due to two reasons. First,636

it was demonstrated recently byab initio path inte- 637

gral simulations that in H2O, the nuclear quantum ef-638

fects play an important role and, for instance, lead to639

non-monotonous change of the length of ßuoride-H2O 640

hydrogen bonds when going from one- to three-water641

clusters.63 This phenomenon is particularly important642

in the case of ßuoride-membrane interactions where FŠ
643

forms hydrogen bonds with one to few waters in the rel-644

atively dehydrated region of carbonyl groups of lipids.645

Second, nuclear quantum effects cause structural dif-646

ferences between ßuoride-H2O and ßuoride-D2O as re- 647

cently shown by employing path integral hybrid Monte648

Carlo simulations.64 These two examples demonstrate649

that classical force Þelds, which include nuclear effect650

only implicitly, have intrinsic difÞculties with full de-651

scription of D2O-FŠ systems. In the present work, this652

problem emerged in the context of the DOTAP-FŠ sys- 653

tem in heavy water. 654

The above presented results demonstrate the importance655

of hydrogen bonding between the solvent and carbonyls or656

headgroups of lipid bilayers. Use of model membranes com-657

posed of a synthetic cationic lipid enabled adsorption of the658

highly hydrated ßuoride anion that replaced the water bridges659

between the lipids. This, in turn, resulted in the observed660

increase of the mobility of DOTAP carbonyls. Experimen-661

tal studies on the local hydrogen bonding network in liquid662

crystalline membranes like lipid bilayers are very demand-663

ing. Here, we show that TDFS method can be successfully664

applied to characterize the dynamics of those bonds. More-665

over, not only H2O/D2O exchange, but also introduction of666

strongly hydrated ions can be valuable experimental tool, in667

studying and controlling hydration of biological macromolec-668

ular assemblies. 669
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vesicles in calcium-containing environments. To gain additional atomic-level information, 

the experiments are complemented by molecular simulations that utilize an accurate force 

field for calcium ions with scaled charges effectively accounting for electronic polarization 

effects. We demonstrate that lipid membranes have substantial calcium-binding capacity, 

with several types of binding sites present. Significantly, the binding mode depends on 

calcium concentration with important implications for calcium buffering, synaptic plasticity, 

and protein-membrane association. 
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Since physiological concentrations of calcium are low and calcium domains are 

highly localized in space, the global membrane changes its binding induces are highly 

relevant as well as the identity of the local binding sites. Lipid bilayers consisting of 80 mol% 

phosphatidylcholine (PC) and 20 mol% phosphatidylserine (PS) have often been used as a 

simple model of the inner leaflet of the plasma membrane. In this system, three possible 

binding sites can be distinguished: carboxyl groups of PS, phosphate groups of PC and PS, 

and carbonyl groups of PC and PS. Experimental methods, predominantly NMR-based, 

identified two distinct binding modes of calcium to PC/PS membrane, but their nature is not 

completely resolved.20,27 Many studies demonstrated that calcium binds primarily to 

phosphate groups of all phospholipids, independent of their charge28, even in pure PC 

membranes17,29,30. Molecular dynamics simulations have provided more details and generally 

confirmed binding to phosphate groups in PC and several anionic lipids, including 

PS18,26,31,32, but concurrent binding to the carboxyl group of PS has also been reported.18,31 It 

was suggested that calcium can also bind to the carbonyl oxygen25,33, which is in line with the 

binding of Na+ and K+ to PC and PC/PS carbonyls.34 Regarding the local consequences of 

calcium binding, simulations indicate that Ca2+ is able to cluster phospholipid molecules via 

ion-bridges18,26,32. 

Despite previous studies, an atomic-level understanding of calcium-membrane 

interactions is still incomplete and often inconsistent. In particular, earlier MD studies 

suffered from very short (<100ns) trajectories yielding unconverged results; but more 

importantly, the previously used force fields overshoot ion-lipid binding interactions35. In the 

present work we overcome these limitations by utilizing a more realistic ionic force field 

implicitly accounting for polarization effects. We combine MD simulations with 

experimental methods to gain a comprehensive complex molecular-level picture of calcium 

ion-lipid bilayer binding. 
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to carboxylate groups dominates at low calcium concentration, but is overtaken by phosphate 

moieties at higher concentration. Calcium binding leads to lipid clustering, lateral shrinkage 

and thickening of the bilayer, which is more pronounced for negatively charged PC/PS 

membranes. This is in full agreement with the restricted carbonyl mobility probed by TDFS. 

As has been shown, these parameters are often strongly correlated.52 MD shows that lateral 

compression leads to membrane dehydration, which was also suggested in VSFS and TDFS 

experiments. 

Our results demonstrate that calcium-bilayer interactions are complex and specific. 

We postulate that in a biological context, some of the phenomena accompanying calcium ion 

binding by lipid membranes may play a considerable role. First, a high affinity of calcium 

toward membranes is important from the point of view of calcium signaling. It allows the 

negatively charged inner leaflet of cellular membrane to act as a calcium buffer and modulate 

calcium diffusivity in calcium signaling microdomains. Second, the variety of calcium 

binding sites and their energetic heterogeneity can play a role in synaptic plasticity related to 

so-called residual calcium.53 Third, calcium ion-induced changes in lipid dynamics and 

structure can play an important biological role, i.e. reduced lipid mobility can influence 

membrane receptors and headgroup rearrangement can change the affinity of phospholipid-

binding proteins. Fourth, lipids on the millisecond timescale, characteristic for calcium 

signaling, are laterally mobile and can serve as mobile calcium buffers by transporting the 

cations out of the proximity of a calcium channel. Last but not least, the ability of calcium 

ions to overcharge PC/PS bilayers may potentially play a significant role for vesicle 

trafficking, membrane fusion, and membrane-protein binding by modulation of the effective 

charge of the inner leaflet of cellular membrane. 
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