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Xanthone (Xa) and 1-OH Xanthone (1-OHXa) in 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) mem-
branes increase the dipole potential. Results with 1,2-di-O-tetradecyl-sn-glycero-3-phosphocholine (Ether PC),
lacking carbonyl groups, indicate that the CO dipole of Xa molecule does not contribute to the increase of dipole
potential. Molecular Dynamics calculations confirm that CO group of Xa locates parallel to the membrane in-
terphase. Xa decreases the area per lipid in DPPC monolayers and the membrane polarity as measured by GP of
Laurdan explaining the dipole potential increase. This rearrangement of water in the CO region is consistent with

Fourier Transform Infrared Spectroscopy results indicating that CO of Xa are buried in the membrane phase. In
contrast, CO groups of DPPC show an additional population of bound COs that seems to be more exposed to
water, which contributes to the increase in dipole potential. These results are also corroborated by MD simu-

lations.

1. Introduction

Xanthones are oxygenated heterocyclic compounds structurally ty-
pified by the presence of a dibenzo-y-pirone system differing in the
position and nature of the substituents [1]. Unsubstituted xanthones
play an important role as pharmacophores. In turn, substituted xan-
thones or xanthen-9H-one derivatives are a class of compounds with
high therapeutic potential [2].

There are over fifty natural xanthones extracted from mangosteen
[3-6] among others. The taxonomic importance in xanthone families
have aroused great interest not only for the chemosystematic in-
vestigation but also from the pharmacological point of view like anti-
malarial [7], antibacterial [8, 9], antifungal [10] [11], antioxidant,
antitumoral [12, 13], antimicrobial and anti-hepatotoxic effects, as well
as anti-inflammatory activity [14] and anti-Alzheimer properties
[15-17]. Moreover, it is used in the preparation of xanthydrol for the
determination of urea in blood and found in essential oils from genciana
and other flowers and also isolated from pil in Norway coasts.

Xanthones are present in plants and their specific substituents can
act [18] as defence compounds against herbivores and microorganisms.

In this regard, it was introduced in the market as an insecticide, ovicida
and larvicide for the butterfly carpocapsa [19-22].

This diversity of functions makes them interesting in regard to their
specific effects on cellular structures. The structures of 9H-Xanthen-9-
one (Xa) and 1-hydroxy-9H-xanthen-9-one (1-OHXa) (Fig. S1A and B)
are well known by Infrared Spectroscopy, Mass Spectral and Nuclear
Magnetic Resonance data [23]. Xanthone skeleton has a hydrophobic
core composed of a heterocycle of xanthene oxidized in position 9 and a
carbonyl group (Fig. S1A). On the other hand, 1-OHXa (Fig. S1B) shows
a certain degree of hydrophylicity due to the presence of an —OH group
in position 1.

The molecular features of Xa make it insoluble in water and highly
soluble in organic solvents. Hence, due to its non-polar character, it is
expected that at least some of its biological effects would take place
affecting membrane properties. In this regard, effects of hydroxy-xan-
thones on the physicochemical properties of dipalmitoylpho-
sphatidylcholine (DPPC) liposomes have been investigated in terms of
lipid bilayer phase state, by means of molecular dynamics simulations
and surface properties such as, zeta potential studies. In this direction,
recently it has been reported that the entrapment of xanthones in
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biomimetic systems such as liposomes can enhance its absorption
through the biological membranes [24].

Xanthene dyes, such as fluorescein, rose bengal B, erythrosine B and
eosin Y, have been found to affect the dipole potential of membranes
composed of diphytanoylphosphocholine, diphytanoylphosphoserine,
and diphytanoylphosphoethanolamine. Adsorption of Rose Bengal on
the bilayer interface leads to a reduction of the dipole potential drop at
the membrane-solution boundary. The effect was ascribed to their un-
charged and charged forms, respectively. In the case of the xanthene
dye fluorescein, it was shown that it remains on one side of the BLM,
revealing a low partition in the membrane phase and that its action is
mainly produced at the interphase [25-27].

However, xanthones localization within the membrane and its ef-
fects on the organization of the lipid membrane surface, are not yet
clear. Since surface properties, in particular dipole potential, are de-
terminant for adsorption and absorption of peptides and proteins and in
adhesion phenomena, it is important to know how these compounds
may affect those properties in lipid membrane.

Therefore, the aim of this work is to determine the possible me-
chanism of Xa to change the surface properties of lipid interphases,
considering that these are determinant in adhesion, partition and fusion
processes. In particular, the effect of 9H-Xanthen-9-one (Xa) and 1-
hydroxy-9H-Xanthen-9-one (1-OHXa) on dipole potential, molecular
packing and hydration of lipid membranes was carried out by fluor-
escent spectroscopy, FTIR and Molecular Dynamics simulations.

2. Materials and Methods
2.1. Lipids and Chemicals

Chemicals: 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC);
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC); 1,2-di-O-tetradecyl-
sn-glycero-3-phosphocholine (Ether PC) were purchased from Avanti
Polar Lipids Inc. (Alabaster, AL). 9H-Xanthen-9-one (Xa) (MW:
196.19 g/mol) was from Sigma-Aldrich. Purity of lipids and xanthones
were higher than > 99% as checked by FTIR and UV spectroscopies.
Laurdan (6-dodecanoyl-2-dimethyl aminonaphthalene) was obtained
from Molecular Probes and used without further purification. 1-hy-
droxy-9H-xanthen-9-one (1-OHXa) (MW: 212.20 g/mol) was synthe-
sized from Xa following the protocol of Grover, Shah, Shah (GSS) [28]
by reacting equimolecular mixtures of salicylic acid and resorcinol in
the presence of zinc chloride at 170 °C for 6 h. Purification was per-
formed by column chromatography using silica gel as adsorbent and
hexane/AcOEt as eluent. Partition coefficient experimental values (log
P) for Xa base and 10HXa were determined by applying the ampoule
method (Shake-Flask) at room temperature (25 °C) using n-octanol as a
non-polar phase at pH = 7.4.

2.2. Surface Pressure — Molecular Area (st- A) Isotherms

Surface pressure — molecular area (7t- A) isotherms were carried out in
a KSV NIMA LB trough (surface area = 240.00 cm?) using a Pt
Wilhelmy plate (39.24 mm?) as sensor. Accurate volumes of lipids
dissolved in chloroform were spread on the surface of 1 mM KCl aqu-
eous solution (pH5), using a Hamilton micro syringe with an error
within = 0.01 mL. The Platinum probe was flamed until glowed red-hot
before each assay. The trough was filled with the barriers in a fully open
position. An appropriate volume was added checking that the borders
of the meniscus were even in the whole perimeter. Monolayers were
allowed to stabilize during 10 min before each measurements. The
whole equipment was enclosed in an acrylic box to minimize water
evaporation and to avoid contaminations from the environment during
the study. Compression curves were carried out at a constant speed
(5mm/min) at 20 * 2°C. Data correspond to an average of at least
three experimental runs for each lipid Xa or 1-OHXa ratio.
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2.3. Dipole Potential Measurements

Dipole potential (yp) was determined in monolayers formed on an
air-water interface of a 1mM KCl aqueous solution by spreading
chloroform solutions of each lipid/Xa or 1-OHXa mixture. Data corre-
spond to an average of at least three experimental runs for each mix-
ture. Different aliquots of each mixture were added until constant
surface pressure was achieved [29, 30]. In this condition, the interfacial
potential was determined through a circuit of high impedance, con-
necting a vibrating electrode above the monolayer and a reference Ag/
AgCl electrode in the aqueous subphase. The temperature was set at
20 = 0.5°C controlled with a calibrated thermocouple immersed in the
subphase. Therefore, the reference potential is constant at the tem-
perature of measurement [31].

2.4. ATR-FTIR Spectroscopy

All ATR-FTIR spectra were obtained in a Thermo Scientific 6700
spectrometer with DTGS detector, connected to a system of circulation
of dry air to avoid the interference of water vapor and carbon dioxide.
The molar ratio of lipid/Xa and lipid/1-OHXa in each film was 70:30.
The films were prepared by evaporating the chloroform solvent. Then,
they were resuspended in a minimum volume of MQ water at 5 pH.
Droplet (50 uL) of each suspension was placed on ZnSe crystal (45°
incident angle). Samples were allowed to stabilize at 25°C and a re-
lative humidity of 35% before each measurement. Spectra were ob-
tained with intervals of three minutes in order to control the water
content evolution following the water band intensity and the asym-
metric stretching vibration of the methylene groups. Data were ob-
tained after 64 scans per sample at a 4cm ™~ ' resolution and were the
average of three independent assays. Spectra were analysed with a
Microcal Origin program (version 8.5) applying a combination of
Fourier deconvolution and curve-fitting procedures to reconstruct the
contours of the original band envelope [32, 33].

2.5. Molecular Dynamics Simulations

Molecular dynamics simulations of DPPC bilayers were performed
using AMBER12 simulation package [34] and Lipid11 force field [35].
Initially, the bilayer was composed of 128 DPPC molecules (64 per
monolayer in an 8 X 8 arrangement) with a separation between DPPC
molecules of 9A in a square arrangement. Nine DPPC molecules for
each monolayer in alternate places were removed and xanthones were
added in the generated free spaces. The membrane was stabilized at
T = 293K and solvated with 10,640 TIP3P water molecules [36, 37]
(which means around 83 water molecules per lipid) in order to assure
that the system was fully hydrated. Solvation was done along the Z axis
and the system was subjected to periodic boundary conditions along the
(X,Y) plane. The minimization was carried out in two steps, both at
constant volume. In the first step solvent were minimized keeping fixed
the atoms of the membrane and xanthones, and then releasing it to
minimize the entire system. The equilibration of the dimensions and
density of the system was achieved after stabilizing the system tem-
perature using the Langevin thermostat [38] and keeping fixed the bi-
layer. Then, all restraints were removed and the bilayer was free to
establish a lipid-lipid equilibrium distance. After 300 ns equilibration,
the area per lipid was consistent with experimental values. Both equi-
libration and final production data used a NPT assembly, with the
SHAKE activated for hydrogen bonds, with 10A interaction cut off.
Production runs typically elapsed 500 ps, but we also performed some
larger runs to test the consistency of our results.

2.6. Generalized Polarization with Laurdan

Fluorescence measurements were carried out in a SLM 4800 spec-
trofluorometer. Multilamellar vesicles (MLV's) were prepared for the
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Fig. 1. A) Dipole potential of monolayers with different DPPC/Xa (black full line) and DPPC/1-OHXa (dashed black line) molar ratio spread on 1 mM KCl subphase at
22° C. B) Differential changes of dipole potential in the presence of Xa and 1-OHXa in DPPC (black bars); Ether PC (red bars) and DOPC (blue bars) monolayers at
22 °C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

relations 90:10, 80:20 and 70:30 lipid/Xa or lipid/1-OHXa. In all cases
a Laurdan/lipid ratio of 1:300 was used. Laurdan concentration of the
solutions was determined by absorption spectrophotometry in the ul-
traviolet region, at a maximum wavelength of 364 nm corresponding to
an absorptivity coefficient of 20.000 M~ 'cm™'. Samples were stabi-
lized every 5 °C in the range of 25 and 60 °C to determine the transition
temperature [39, 40]. At each temperature the emission spectrum was
obtained with a spectral scan from 400 to 600 nm with fixed excitation
wavelength at 370 nm. The excitation spectra were obtained with a
spectral scan from 300 to 430 nm with fixed gathering the fluorescence
at 440 nm. From these spectra the generalized polarization (GP) cor-
responding to the emission and the excitation were calculated. These
parameters were calculated as previously described by Parasassi et al.
[40-42].

3. Results

The dipole potential (yp) of DPPC monolayers spread on an air/
aqueous solution interphase increases monotonically with Xa con-
centrations to stabilize at 0.5M fraction around 100 mV higher than
pure DPPC monolayers (Fig. 1A). On the other hand, 1-OHXa gives a
pronounced increase at 0.1 M fraction and decreases at higher ones.

The analysis of the effects of 1-OHXa on DPPC dipole potential can
be done in three different ranges of concentrations. At 0.1 M fraction 1-
OHXa increases the dipole potential in a rate similar as that found for
Xa 0.5M fraction. At 0.2 M fraction the dipole potential is similar for
DPPC/Xa and DPPC/1-OHXa. At concentrations higher than 0.1 M
fraction dipole potential decreases gradually and at 0.5 M fraction the
effect of 1-OHXa is very small in comparison to Xa.

One important contribution to the dipole potential of a monolayer is
the increase in the number of constitutive dipoles per unit area [43]. As
inferred from the molecular structures in Fig. S1, both compounds Xa
and 1-OHXa have carbonyl groups (CO) and 1-OHXa has, in addition,
an —OH group, which dipole moments may contribute to the dipole
potential of the membrane according to its orientation when inserted in
the lipid interphase.

However, Fig. 1B shows that Xa does not affect the dipole potential
of Ether PC at least in a PC:Xa ratio of 70:30 (red bar). Then, the
possibility that the carbonyl group of Xa would be responsible of the
dipole potential increase should be discarded. The slight increase pro-
duced by 1-OHXa (AW = +13), might be ascribed to the —OH in po-
sition 1 but this increase is much lower than in DPPC.

In the same Figure, the influence of both xanthones on the dipole
potential of unsaturated DOPC is also shown (blue bars). Xa produces a
decrease in the dipole potential of DOPC at the 30% ratio of about
20 mV with respect to the pure lipid.

Another property that can affect dipole potential is the area per
lipid. The differential area per lipid values for the different mixtures are
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Table 1
Dipole Potential, Area per molecule and Dipole Potential per unit area for
different lipid 70:30 lipid/Xa and lipid/1-OHXa mixtures.

Mixture Dipole potential Area per Dipole potential per unit
(mV) lipid (A% area (mV/A?)
DPPC 445 + 2 46.24 9.62
DPPC Xa 516 = 2 43.74 11.80
DPPC 1-OHXa 501 = 2 44.26 11.32
Ether PC 311 = 4 48.11 6.46
Ether PC Xa 306 + 6 45.28 6.76
Ether PC 1-OHXa 324 + 9 50.86 6.37
DOPC 406 + 4 49.21 8.25
DOPC Xa 385 + 9 49.64 7.76
DOPC 1-OHXa 407 = 13 51.84 7.85

shown in Table 1 together with the dipole potential per unit area. These
were obtained from compressibility modulus (C™Y of mixtures of
DPPC, DOPC and Ether PC with both compounds as shown in Supple-
mentary material (Fig. S2).

The area changes produced by Xa in DPPC and in DOPC are con-
gruent with the respective increase and decrease of dipole potential
shown in Fig. 1.

Since dipole potential is also affected by water polarized in the
carbonyl groups, the hydration of these groups in Xa and 1-OHXa
mixtures with Ether PC groups is analysed by FTIR spectroscopy. As
shown in Fig. 2A, the peak of the carbonyl group of Xa exposed to 35%
RH is positioned at 1656.7cm™! and shifts slightly to higher fre-
quencies in the presence of Ether PC. In addition, the shape of the curve
changes and a shoulder that is not present in the pure Xa spectrum
appears at higher frequencies. In contrast, the presence of a hydroxyl
group in the ring causes a shift of the carbonyl stretching frequency of
1-OHXa to lower frequencies in the presence of Ether PC (1647.2 cm ™ B
(Fig. 2B). It is concluded that CO group of Xa in Ether PC is buried in
the membrane and thus less exposed to water vapor phase. On the
contrary, CO of the 1-OHXa is more exposed to water which would
explain the increase in the dipole potential as shown in Fig. 1B.

Thus, the effect of Xa on PC membrane dipole potential is not
produced by the insertion of CO dipoles and appears strongly depen-
dent on the lipid phase state since it increases in the condensed phase
and decreases in the expanded one.

The orientation of Xa determined by molecular simulations is ana-
lysed in Fig. 3A. In gray, the density profiles of xanthones present in the
system (specifically their centers of mass) are shown, as well as phos-
phate groups (red line), carbonyl groups (green line) and water mole-
cules (blue line). It is observed that Xa is below the average values of
density corresponding to the carbonyl groups and of the plane corre-
sponding to water molecules more deeply stabilized in the membrane.
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Fig. 2. A) Spectra of pure Xa (black line) and Xa in Ether PC in a 70:30 M ratio (red line) at 22 °C and RH: 35%. B) Spectra of pure 1-OHXa (black line) and 1-OHXa in
Ether PC (red line) at 22 °C and RH: 35%. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. A) Membrane density profiles of DPPC, Xanthone (skeleton Xa) and water for t = 500 ps. T = 293 K. Blue line corresponds to water; red line: phosphate
groups; green line: carbonyl groups and gray line: Xa. B) Membrane density profiles of DPPC, 1-OHXa and water for t = 500 ps. T = 293 K. Blue line corresponds to
water; red line: phosphate groups; green line: carbonyl groups and gray line: 1-OHXa. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Different significant results for 1-OHXa were obtained by MD
(Fig. 3B). In this Figure, it is observed that 1-OHXa stabilizes well above
the carbonyl region in between the phosphate groups where water can
be found. The orientations of the Xa molecules with respect to the
surface were calculated to know not only their positions with respect to
the DPPC molecules but also how they are arranged in the membrane
(Fig. S3). The carbon-oxygen bond angles of the carbonyl group located
in the central ring of Xa with respect to the normal to the surface of the
DPPC membrane were calculated. For a time interval of 500 ps, Xa has a
preferential orientation forming an angle between 90 and 135° with
respect to the normal to the surface. Similar results were obtained for
longer times. Taking together, the orientation of Xa and 1-OHXa with
respect to the acyl chains are similar although at different depths. Thus,
MD results confirm that the increase in dipole potential cannot be ex-
plained by insertions of Xa CO dipoles normal to the interphase plane.

One contribution to dipole potential, in addition to the alignments
of the constitutive dipoles is water polarized at the interphase. The
changes in polarity have been ascribed to the number and motional
freedom of the water molecules in the membrane phase [44-46] and
related to generalized polarization (GP) values of the Laurdan fluor-
escent. This probe is located at the level of sn-1 carbonyl of the phos-
pholipids inside the bilayer [47], being able to “sense” changes in the
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interface region between the hydrophobic core and the external hy-
drophilic bulk. The transition dipole of Laurdan (4.4-5.0 D) [48] en-
ables a large bathochromic shift of the excitation and emission spectra
in solvents with different polarity.

This sensitivity to environment polarity makes Laurdan very useful
in evaluating the hydration of lipid bilayer interfaces.

The presence of Xa and 1-OHXa does not affect significantly the
transition temperature of DPPC (Fig. S4A) at 70:30 M ratio. The second
derivatives of curves in part A are plotted as a function of temperature
in Fig. S4B. Similar results were obtained with etherPC (data not
shown).

The transition temperature of DPPC at different Xa and 1-OHXa
molar ratios were determined by following the GP emission and GP
excitation with temperature, as it was previously reported [39, 40, 44,
45]. The transition temperature of DPPC measured by GP decreases
with Xa concentration in the same trend as reported by Zeta Potential
and DSC measurements [24]. In this work, it is shown that Xa and 1-
OHXa displace and make the pre-transition temperature disappear.
There are no studies regarding this effect. In our case, GP measurements
do not detect the pre-transition temperature. However, the effect on
hydration is clearly discussed considering fluorescence measurements.
GP values calculated from the emission spectra are not changed by Xa
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DPPC doped with fluorescent probe Laurdan at different ratios of Xa (solid black line) and 1-OHXa (dash black line) at 50 °C.
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Fig. 5. FTIR spectra of DPPC Xa and 1-OHXa in the region of carbonyl groups. A) Pure DPPC; B) DPPC: Xa (70:30 ratio) at 25 °C and RH 35%.

and 1-OHXa phase state up to 0.3 M fraction of DPPC bilayers (Fig.
S4A).

However, when calculated from excitation spectrum both com-
pounds increase the GP values (Fig. S4C). This is better observed in
Fig. 4A and B where it is shown also that only 1-OHXa affects the liquid
crystalline state. A dependence of the GP on the excitation wavelength,
measured at fixed emission wavelengths, is an indication that more
than one phase is present because the excitation spectrum of Laurdan is
different in the gel and liquid crystalline phases [40].

If this is so, Xa and 1-OHXa may affect hydration layers causing a
change in the dipole potential due to a partial condensation of the in-
terphase. GP variation with concentration indicates that Xa and 1-OHXa
decrease the polarity of the interphase in the gel phase congruent with
the area decrease. These changes may affect the dielectric properties of
the lipid membranes as it was reported [49]. It has been also shown that
water may penetrate the lipid bilayer reaching a plane located at the
region of the carbonyl groups [49-51].

The density profiles of Fig. 4A denote that Xa locates below the
region of the CO groups of the phospholipids. Thus, Xa may be affecting
the hydration properties of the CO phospholipid groups.

The method that provides a visualization of the membrane state at
the molecular level, both of lipids and water without adding perturbing
probes is FTIR spectroscopy. ATR/FTIR analysis of the carbonyl groups
in Fig. 5 depicts the profiles of frequency shifts of bound and unbound
carbonyl groups. Deconvolution and curve fitting were performed to
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determine the position and relative contribution of the two carbonyl
group populations. Spectra of v¢— o region show the contribution of two
populations. One of them corresponds to the unbound population
centered at 1741 cm ™! (height = 0.796; %Area = 44) and the other to
the H-bound conformers centered at 1729 cm ™! (height = 0.817;
%Area = 56) for pure DPPC [52, 53] (Fig. 5A).

In the presence of Xa (Fig. 5B), the unbound population band for
pure DPPC remains unchanged (1742cm™!; height = 0.824;
%Area = 43) while the hydrated population (H-bound) splits in two
bands one at 1726 cm ™ * (height = 0.652; %Area = 35) and the other
at 1733 cm ™! (height = 0.503; %Area = 22). These two new bands
have different intensities and area under the peak.

The appearance of a new peak at lower frequencies suggests that
part of the H-bound population of C=0 would orient in a lower angle
with respect to the normal to the surface and therefore more exposed to
water, which would explain the increase in dipole potential.

In contrast, spectra of DPPC:1-OHXa show no effects on carbonyl
group populations in comparison to the control of pure DPPC (Fig. S5).

In Ether PC bilayers, methyl and methylene groups do not experi-
ence changes in their vibrational frequencies in the presence of Xa or 1-
OHXa. The symmetric phosphate groups are not affected either by the
presence of Xa or 1-OHXa. Thus, the unique centre of hydration that is
affected by Xa are the CO groups.

According to the density profiles shown above, Xa locates below
the region of the CO groups of the phospholipids. This insertion
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modifies their hydration properties as shown by GP of Laurdan and
FTIR spectra.

MD calculations indicate that the presence of Xa modifies the
quality of the H bonds linked to the CO groups (Fig. 6). The angles of
the CO groups in pure DPPC (red curve) are between 50 and 90 degrees.
In the presence of Xa (blue curve) the region of small angles increases
i.e. the CO group aligned with the normal to the surface increases
generating a defined peak at 65 degrees. This is consistent with the
contribution of the CO to dipole potential increase.

4. Discussion

The contributions to the dipole potential of the CO groups of Xa is
disregarded since no effect of Xa are found in Ether PC since, according
to FTIR results they are buried in the membrane phase and hence
weakly hydrated. Instead, the results show clearly that Xa increases the
dipole potential of DPPC membranes in the condensed state at 30%
mol/mol ratio by affecting the orientation of the phospholipids CO
groups and reorganizing their hydration shell.

This effect of Xa on membrane surface potential is dependent on the
molecular structure of Xa and of the phospholipid chain.

The presence of OH, as it was the case of 1-OHXa, does not affect the
CO phospholipids groups and the increase in dipole potential can be
ascribed to the orientation of the OH group. Since it was demonstrated
by FTIR spectroscopy that 1-OHXa does not affect the population of the
carbonyl groups (CO) (Fig. S5), the different effects of this compound
on dipole potential as described above can be ascribed to differences in
its orientation at different concentrations with respect to the membrane
interphase. The observation that 1-OHXa increases the dipole potential
of 1,2-di-O-tetradecyl-sn-glycero-3-phosphocholine (Ether PC) could be
explained by the orientation of the —OH group at the membrane in-
terphase. MD simulation results report that this derivative stabilizes in a
region well above the carbonyl groups near the phosphates ones. Thus,
the CO groups of 1-OHXa are more exposed to water according to the
frequency shift observed in Fig. 2 and Fig. S3. This may be due to the
fact that the CO and OH proximity in 1-OHXa, constitute a hydrophilic
region that stabilizes the molecule in the outer polar region of the
membrane. Furthermore, at low concentrations these groups would
contribute to the increase in dipole potential. At increasing con-
centrations, it will rotate towards the membrane interior orienting the
CO and the OH into the interphase decreasing gradually the dipole
potential as shown in Fig. 1A. In addition, 1-OHXa displays an increase
in GP in the fluid phase (Fig. 4B) which can be explained considering
that with concentration increase the molecule orients with the skeleton
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parallel to the acyl chain in a similar way as cholesterol does [40, 54].
This is congruent with the null effect on the dipole potential and the
dehydration effect.

In regard to the phospholipid chain the dipole potential per unit
area of DOPC/Xa decreases (see Table 1). This is a concurrent effect of a
slight area increase and the decrease of the total dipole potential. There
is no evidence of an effect of Xa on the carbonyl group orientation as
observed in DPPC (FTIR data not shown). The insertion of the Xa ske-
leton would expand the area per lipid opposing its dipole residues to the
phospholipid CO dipoles.

Molecular dynamics results indicate that both Xa and 1-OHXa insert
with the skeleton normal to the membrane surface plane leaving the CO
groups parallel to it and therefore with null contribution to the dipole
potential.

The frequency band of Xa carbonyl groups shows modifications in
the presence of Ether PC. It is observed that the frequency is displaced
to higher frequencies suggesting that the CO exposure to water is re-
duced when inserted in the lipid membrane. This would account for a
weaker interaction in comparison to the H-bonds with water. The de-
crease in area would indicate a short distance interaction.

The observation that 1-OHXa increases the dipole potential of Ether
PC could be explained by the orientation of the —OH group at the
membrane interphase (Fig. 2). This is congruent with the results of MD
reporting that these derivative stabilizes in a region above the carbonyl
group. In this case, the CO groups of 1-OHXa is more exposed to water
according to the frequency shift observed in Fig. 2 and Fig. S3.

In consequence, a possibility that may explain the dipole potential
increase when Xa is inserted in that position is that the molecule affects
the distribution and orientation of the phospholipid carbonyl groups by
changing in some extent the packing of the interphase and its hydra-
tion.

The area decrease would indicate a reorganization of the hydration
layer around the polar head groups or in the adjacent CH,. FTIR results
show that the only hydration centre affected by Xa insertion are the
carbonyl groups of the phospholipids.

The reorientation of the CO groups is reflected by the changes in
surface polarization with Laurdan. This seems to be supported by the
analysis of the splitting of the carbonyl group bands obtained by ATR/
FTIR analysis. Although the unbound population (band centred at the
higher frequency) is not altered, the significant split of the H-bound
population into a band at 1735cm ™! (22%) and at 1724 cm ™! (35%)
indicates that there is a 0.63 fraction of the H-bound population which
is more exposed to water.

Considering that the dipole potential is given by Eq. 1:

¥ = Y,cosd (€]

where Wo is the dipole potential corresponding to that obtained when
all dipoles in the system are oriented normal to the membrane surface.

Introducing a value of 6, = 63" for the angle corresponding to car-
bonyl groups in pure DPPC [55] the angle for the same groups in the
presence of Xa can be calculated by Eq. 2:

WYy, = (P | cos 63). cos Ox, @)

When the experimental values for dipole potential of Xa mixtures
W, = 510 mV and pure lipids ¥;, = 448 mV are introduced, 6, = 58".

That is, a tilt in 5 towards the interphase produces an increase of
62mV in dipole potential. In addition, this reorientation may be a
consequence of the packing increase produce by Xa (Fig. 2) which in
turn may produce water reorganization. This is schematically described
in Fig. 7.

The changes in the H-bound carbonyl group population is congruent
with the changes in hydration observed with Laurdan. The effect of Xa
on the compressibility and area takes place with a decrease in hydration
and polarity of the interphase in accordance with GP values.

Considering that the 55% (area under the curve) of H-bound CO of
DPPC is split in two populations, respectively, the fractions of H-bound
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Fig. 7. Schematic diagram of the reorientation of DPPC carbonyl groups by Xa insertion. Note effects of water molecules on the carbonyl region.

populations corresponding to those carbonyls shifted to lower fre-
quencies i. e more exposed to water is 0.6 and the rest is in a position
similar to pure PC.

Thus, the dipole potential with Xa corresponding to perturbed and
non perturbed carbonyl groups is

Wya = 0.60 X 995.5mV X cos 58 + 0.40 X 995.5 X cos 63 =
496 mV.which is quite comparable to the experimental value of
510 mV. The difference might be ascribed to other contributions to the
dipole potential, concomitant with CO reorientation.

The scheme in Fig. 7 resumes all changes that would take place in
the membrane interphase by insertion of Xa. In part A, the carbonyl
group of the pure lipids is tilted with respect to the normal in 63°. In
this condition, the organization of water to link to adjacent carbonyl
groups respecting the orientation of the H bonds involves 4 water
molecules with a given area and with loose packing. In the presence of
Xa (part B), packing increases, CO groups orient normal to the surface
(decreasing the angle to 58), reducing the area and the compressibility
with a lower amount of water molecules as observed with Laurdan, all
of them contributing to the dipole potential increase.

On the other hand, 1-OHXa does not affect the CO orientation as
seen by FTIR/ATR congruent to MD results. In this case the effect on
area and compressibility is comparable to that observed with Xa ske-
leton but the dipole potential increases in Ether PC. Thus, the dipole
potential increase can be explained considering that the OH group of 1-
OHXa is oriented in the surface, because, as shown by MD, this com-
pound stabilizes in the phosphate region without affecting the carbonyl
groups of the lipid. In addition, it also shows an increase in GP at 25 °C
indicating a partial water rearrangement.

5. Conclusion

The mechanism of the increase in membrane dipole potential of
ester lipids mediated by xanthone and 1-hydroxy xanthone was ex-
amined utilizing fluorescence, FTIR and molecular dynamics simula-
tions. It is concluded that rearrangement of water molecules in the
membrane interfacial region (rich in carbonyls) contributes to the in-
crease in dipole potential.
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As the dipole potential reflects the image charge of the membrane
interior being this positive and the hydration forces, the increase in
dipole potential would favor the insertion of negatively charged effec-
tors and disfavor those positively charged. In addition, it could be im-
portant to consider the contribution of the hydration in membrane-
membrane or membrane-peptides interactions.

This work is a necessary stage previous to the analysis of more
complex systems in mixed membranes where domains might be pre-
sent.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.colcom.2018.08.001.
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