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Abstract The effects of halogen derivatives of thyronine
(tetraiodotironine and triiodothyronine) and fluorescein
(Rose Bengal, phloxine B, erythrosin, eosin Y, and fluo-
rescein) on the dipole potential of membranes composed
of diphytanoylphosphocholine, diphytanoylphosphoserine,
and diphytanoylphosphoethanolamine were investigated. A
quantitative description of the modifying action of the
agents was presented as characteristic parameters of the
Langmuir adsorption isotherm: the maximum changes in
the dipole potential of the membrane at an infinitely high
concentration of modifiers and the desorption constant,
characterizing their inverse affinities to the lipid phase. It
was shown that the iodine-containing hormones led to a
less significant reduction in the dipole potential of
phospholipid membranes compared to the xanthene dyes,
Rose Bengal, phloxine B, and erythrosin. The latter were
characterized by the highest affinity for the lipid mem-
branes compared to tetraiodotironine and triiodothyronine.
It was found that the effect of iodine-containing hormones
and xanthene dyes on the membrane dipole potential was
caused by their uncharged and charged forms, respectively.
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Introduction

The dipole potential of model and cell membranes (¢4) is
the difference in electric potential between the polar
exterior of the lipid bilayer and its hydrocarbon interior.
This potential drop originates from the specific orientation
of polar lipid residues and water dipoles at the membrane-
solution interface (Liberman and Topaly 1969; Hladky and
Haydon 1973; Brockmann 1994). The hydrocarbon core is
more positive relative to the water phase bathing the
membrane. The membrane dipole potential depends on the
lipid composition of the membrane. It is known that @4
influences membrane transport (Malkov and Sokolov 1996;
Busath et al. 1998; Hwang et al. 2003; Duffin et al. 2003;
Karlovska et al. 2006; Luchian and Mereuta 2006; Os-
troumova et al. 2007, 2008, 2010, 2012a, b, 2014; Mereuta
et al. 2008; Ostroumova and Schagina 2009).

The adsorption of amphiphilic molecules called dipole
modifiers, which have a significant dipole moment and a
preferred orientation at the boundary of the membrane,
leads to changes in the magnitude of the membrane dipole
potential (Brockmann 1994; Lairion and Disalvo 2004).
Some plant polyphenols (Andersen et al. 1976; Cseh and
Benz 1998; Sokolov and Mirsky 2004; Efimova and Os-
troumova 2012; Ostroumova et al. 2013a, b) and styryl
dyes (Malkov and Sokolov 1996; Efimova and Ostroumova
2012) can cause significant changes in the membrane
dipole potential. The structural features of these dipole
modifiers, which are responsible for the changes in the
membrane dipole potential, have been identified. In par-
ticular, it has been shown that the iodine-containing hor-
mones, thyroxine and triiodothyronine, (Tsybulskaya et al.
1984; Issé et al. 2013) and the xanthene dye Rose Bengal
(Kotova et al. 2000; Efimova and Ostroumova 2012)
reduce the dipole potential of phospholipid bilayers, but the
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relationship between the structural aspects of these dipole
modifiers and the magnitude of the membrane dipole
potential has not yet been established.

The iodine-containing hormones, thyroxine and triio-
dothyronine are the main thyroid hormones that play a key
role in the regulation of metabolism. The chemical struc-
tures of these hormones represent interconnected benzene
hydrophobic rings. The thyroxine molecule contains 4
atoms of iodine whereas triiodothyronine contains 3 iodine
atoms per molecule. There is evidence to show that the
thyroid hormones are normal constituents of biological
membranes in vertebrates and that some of the physio-
logical effects of these hormones actually occur in the
membranes (Hulbert 2000). Thyroid hormones are able to
interact with plasma membranes and modify membrane
fluidity (Farias et al. 2006; Issé et al. 2013). Electronic spin
resonance measurements using spin-labeled liposomes
indicated that thyroxine can penetrate the lipid core region
of liposomes (Issé et al. 2003), suggesting that both
hydrophobic rings are close to the lipid core, whereas the
more hydrophilic and ionizable region of the thyroxine
formed by the amino and the carboxyl groups of the alanine
residue is at the membrane-aqueous interface (Issé et al.
2003). Tsybulskaya et al. (1984) have shown that the
iodine-containing hormones reduce the dipole potential of
a cholesterol-containing lecithin bilayer. Using nonactin
and hydrophobic anions, the authors demonstrated that the
influence of thyroxine and triiodothyronine on the @4 is
practically the same and is not caused by the sorption of the
negatively charged form of the hormones. Rather, the
observed effects resulted from the adsorption of the
uncharged form of triiodothyronine. Using differential
scanning calorimetry, (Issé et al. 2013) demonstrated that
thyroxine, triiodothyronine, and diiodotironin reduce the
dipole potential of dipalmitoyloleoylphosphocholine and
palmitoyloleoylphosphocholine bilayers. (Issé et al. 2003)
showed that the effectiveness of the reduction in the
diphytanoylphosphocholine bilayer dipole potential pro-
gressively decreases for tetraiodtironin, triiodothyronine,
and diiodotironin in order. (Iss€ et al. 2013) associated the
effectiveness of the reduction in the membrane dipole
potential with the immersion depth of the hormone mole-
cules in the hydrocarbon region of the bilayer and the
ability to affect the ordering of lipid molecules in the
membrane.

Fluorescein is the basic representative of the class of
xanthene dyes. Other xanthene dyes are the halogen
derivatives of fluorescein. Erythrosin is the 4-iodine-
derivative of fluorescein, eosin Y is the 4-bromo-derivative
of fluorescein, Rose Bengal is the 4-chloro-4-iodo-deriva-
tive of fluorescein, and phloxine B is the 4-chloro-4-
bromo-derivative of fluorescein. The xanthene dyes are
often used as fluorescent nanomarkers to study the binding
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of biological objects with various ligands. Decraene et al.
(2006) demonstrated the ability of a cellulose acetate
coating containing Rose Bengal to kill microbes (Staphy-
lococcus aureus, Escherichia coli, Clostridium difficile,
and Candida albicans). The influence of xanthene dyes on
the physicochemical properties of the lipid bilayer, in
particular, on the membrane dipole potential and the
packing density of the lipid molecules in the bilayer,
should be considered in assessing their biological action.

Kotova et al. (2000) assumed that the adsorption of Rose
Bengal on the bilayer-solution interface leads to a reduc-
tion of the dipole potential drop at the membrane-solution
boundary. Efimova and Ostroumova (2012) showed that
the maximum change in the dipole potential of the
diphytanoylphosphocholine-membrane at an infinitely high
concentration of Rose Bengal is equal to 121 £ 9 mV. At
the same time, the influence of other xanthene dyes
(phloxine B, erythrosine, eosin Y, and fluorescein) on the
magnitude of the dipole potential of phospholipid mem-
branes has not yet been investigated.

The aim of the study was to identify structural features
of iodine-containing hormones and xanthene dyes
responsible for the reduction in the magnitude of the
membrane dipole potential. We have identified new
dipole modifiers, phloxine B, and erythrosin, and deter-
mined quantitative characteristics of their influence on the
magnitude of the dipole potential of phospholipid bilay-
ers. The molecular mechanisms of the observed effects
have been proposed.

Materials and Methods

All chemicals were of reagent grade. Synthetic 1,2-diph-
ytanoyl-sn-glycero-3-phosphocholine (DPhPC), 1,2-diph-
ytanoyl-sn-glycero-3-phosphoserine (DPhPS), and 1,2-
diphytanoyl-sn-glycero-3-phosphoetanolamine ~ (DPhPE)
were obtained from Avanti Polar Lipids, Inc. (Pelham,
AL). r-thyroxine (3,3',5,5"-tetraiodo-L-thyronine), 3,3',5'-
triiodo-L-thyronine, Rose Bengal (4,5,6,7-tetrachloro-
2/ 45 7'-tetraiodofluorescein disodium salt), phloxine B
(4,5,6,7-tetrabromo-2' 4,5’ 7'-tetrachlorofluorescein ~ diso-
dium salt), erythrosine (2',4',5',7'-tetraiodofluorescein
disodium salt), eosin Y (2',4,5',7 -tetrabromofluorescein),
fluorescein, DMSO, KCIl, HEPES, and MES were pur-
chased from Sigma Chemical (St. Louis, MO, USA). Water
was distilled twice and deionized. Solutions of 0.1 M KCl
were buffered using 5 mM HEPES at pH 7.4 and 5 mM
MES at pH 2.5. The ionophore, nonactin (NonA), was
purchased from Sigma Chemical (St. Louis, MO, USA).
The chemical structures of phospholipid molecules are
shown in Fig. 1. The chemical structures of iodine-con-
taining hormones and xanthene dyes are shown in Table 1.
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Fig. 1 Chemical structures of the membrane lipids DPhPC, DPhPS, and DPhPE

Table 1 Characteristic parameters of the Langmuir isotherm for the adsorption of halogen derivatives of thyronine and fluorescein on the

phospholipid bilayers

Halogen derivatives Chemical structure Parameter Membrane composition
DPhPC DPhPS DPhPE
Todine-containing hormones Thyroxine \ o ! —Agy(0), mV 61 +7 55+7 58+5
oji;f e w KoM 35+£01  21£01 49403
H 1
i )
Triiodothyronine | o ! —Ag (), mV 58+9 57+5 54 £5
Ij i K, pM 53+£02  20+01 53405
HO | OH
o
Xanthene dyes Rose Bengal —Ap,(0), mV 121 £ 9* 12+£3 35+4
K, uM 0.2 £0.1° 0.5 +0.1 1.3 +0.1
Phloxine B —Ag,y(c0), mV 83+ 4 177 70 £7
K, yM 0.2 £ 0.1 1.0 £ 0.1 12 +0.1
Erythrosin —Ag (), mV 65+ 6 3+2 517
K, uM 0.8 £ 0.1 23 +0.1 0.5 £ 0.1
Eosin Y —Ag,y(c0), mV 5+£2 6+2 15+3
K, yM 04 £+ 0.1 0.2 £ 0.1 0.6 £ 0.1
Fluorescein —Agy(0), mV 6+2 12+5 10 £3
K, yM 0.4 £+ 0.1 0.7 £ 0.1 03 £0.1

The membranes were constructed using DPhPC, DPhPS, and DPhPE and bathed in 0.1 M KCl at pH 7.4. V = 50 mV

? The results are from (Efimova and Ostroumova 2012)

Lipid membranes were made from phospholipids con-
taining saturated hydrocarbon chains (DPhPC, DPhPS,
and DPhPE) to exclude the possibility of lipid oxidation
under the influence of photosensitizers (Kotova et al.

2000). Such lipid compositions are more appropriate for
modeling of the cell phospholipid membranes due to the
similar density of lipid packing in the membrane (Hsieh
et al. 1997).
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Virtually solvent-free planar lipid bilayers were pre-
pared using a monolayer-opposition technique (Montal and
Muller 1972) on a 50-um-diameter aperture in a 10-pm-
thick Teflon film separating two (cis and trans) compart-
ments of a Teflon chamber. The aperture was pretreated
with hexadecane. Lipid bilayers were made from DPhPC,
DPhPS, and DPhPE from stock solutions in pentane (1, 2,
and 5 mg/ml, respectively). After the membrane was
completely formed and stabilized, NonA from a stock
solution (7 pg/ml in ethanol) was added to both compart-
ments to obtain a final concentration ranging from 0.1 to
10.0 uM. Ag/AgCl electrodes with agarose/2 M KCl
bridges were used to apply the transmembrane voltage
(V) and measure the transmembrane current (/).

Ion currents were measured using an Axopatch 200B
amplifier (‘‘Axon Instruments’’) in the voltage-clamp
mode. Data were digitized using a Digidata 1440A and
analyzed using pCLAMP 10.0 (‘‘Axon Instruments’”) and
Origin 8.0 (‘‘Origin Lab’”). The conductance of the lipid
bilayer (G) was determined at a constant transmembrane
voltage (V = 50 mV).

The steady-state conductance of K*-NonA was modu-
lated via the two-sided addition of iodine-containing hor-
mones (thyroxine and triiodothyronine) or xanthene dyes
(Rose Bengal, phloxine B, erythrosine, eosin Y and fluo-
rescein) from mM stock solutions in ethanol or DMSO to
the membrane-bathing solution at final concentrations
ranging from 2 to 50 uM or 0.25 to 10.00 pM, respec-
tively. The final concentration of ethanol or DMSO in the
chamber did not exceed 0.2 %. At this concentration, the
solvents do not disturb the integrity and stability of the
membrane and do not influence the conductance of the
lipid bilayer.

The changes in the ¢y (Apg) were calculated by
assuming that the membrane conductance is related to @q4
by the Boltzmann distribution as follows (Andersen et al.
1976):

G A
G_g — exp ( qekqud) (1)
where G, and G°, are the steady-state membrane conduc-
tances induced by NonA in the presence and absence of
dipole modifiers, respectively; ¢, is the electronic charge;
k is the Boltzmann constant, and 7T is the temperature in
degrees Kelvin. It is assumed that the ion’s concentration
in the aqueous phase and ion mobility within the hydro-
carbon region of the bilayer stay the same.

The changes in the @4 for defined experimental condi-
tions were averaged from 3 to 5 bilayers (mean £ SD).

A Langmuir adsorption isotherm was used to describe
the adsorption of iodine-containing hormones and xan-
thene dyes to lipid bilayers as a first-order approximation
(Efimova and Ostroumova 2012):
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A (o)

Apa(C) == (2)
where Ag,(C) is the dipole potential changes at concen-
tration C of the dipole modifier, Ap,(c0) is the maximum
potential change, and K is the desorption constant, which
provides a meaningful measure of the inverse affinity
between the modifier and the lipid. The dissociation con-
stant was determined as the slope of a linear dependence of
[A@g(00))/[A@yg(C)] on 1/C. The linear fitting of the indi-
cated dependences was performed using Origin 8.0
(‘““Origin Lab>’). The errors of A@g(o0) and K were
determined as the maximum measurement error of AQq
(C) and the error of [Ap4(c0)]/[Apy(C)], respectively.

Results and Discussion

Figure 2 illustrates the dependences of the |Ag,| of
phospholipid bilayers on the concentration of iodine-con-
taining hormones and xanthene dyes. The presented curves
are tend to saturation at large concentrations of the agents.
Figure 2a—c shows that iodine-containing hormones, thy-
roxine, and triiodothyronine reduce the dipole potential of
various phospholipid membranes in a similar manner.
Figure 2d—f demonstrates that the effect of xanthene dyes
on the dipole potential of phospholipid membranes
depends on the head group of lipid molecules of the
membrane. Rose Bengal decreases the dipole potential of
DPhPC membranes (Fig. 2d) while it does not practically
change the @y of negatively charged DPhPS bilayers
(Fig. 2e). One can see that the effect of Rose Bengal on the
dipole potential of DPhPE bilayers (Fig. 2f) is smaller than
its effect on DPhPC membranes. Phloxine B is equally
effective in the reduction of the dipole potential of DPhPC
and DPhPE bilayers (Fig. 2d, f), and it does not change the
¢4 of DPhPS bilayers (Fig. 2e). Erythrosin reduces the @4
of DPhPC and DPhPE membranes and does not change the
@4 of DPhPS bilayers (Fig. 2d—f respectively). The effects
of eosin Y and fluorescein on the dipole potential of
DPhPC, DPhPS, and DPhPE bilayers are negligible
(Fig. 2d—f respectively).

Earlier, we showed that the adsorption of Rose Bengal
on the DPhPC bilayers is satisfactorily described by a
Langmuir adsorption isotherm with characteristic parame-
ters: the maximum changes in the dipole potential of the
membrane at an infinitely high concentration of modifier
(-A@g(c0)) and the desorption constant, characterizing its
inverse affinity to the lipid phase (K) (Efimova and Os-
troumova 2012). Figure 3 presents the dependences of
A@yg(0)/Apg(C) on 1/C of thyroxine, triiodothyronine,
Rose Bengal, phloxine B, erythrosine, eosin Y, and fluo-
rescein in the DPhPC, DPhPS, and DPhPE bilayers. The
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Fig. 2 The dependence of changes in the dipole potential of
phospholipid membranes (A@q4) on various concentrations of thyrox-
ine (filled square), triiodothyronine (open triangle), Rose Bengal (up
pointing closed triangle), phloxine B (diamond), erythrosine (open
circle), eosin Y (closed circle), and fluorescein (right pointing closed

linearity of these dependences and the equality of the
Y-intercepts to 1 clearly indicate the applicability of the
Langmuir adsorption isotherm (2) for the approximation of
the experimental data for other tested modifiers. The
desorption constant can be determined as the slope of the
indicated linear dependence of A@g(00)/Apy(C) on 1/C.
Table 1 shows the characteristic parameters of the Lang-
muir adsorption isotherm, —A@g4(c0) and K, for different
modifiers in the DPhPC, DPhPS, and DPhPE membranes.
From Table 1, one can see that the maximum reduction in
the @4 of the phospholipid membrane due to the adsorption
of thyroxine or triiodothyronine is equal to 60 &+ 10 mV
independent of membrane lipid composition. At the same
time, the influence of xanthene dyes on the phospholipid
membrane dipole potential is strongly affected by compo-
sition of lipid bilayers. The maximum decrease in the ¢4 of
DPhPC membranes due to addition of Rose Bengal in the
membrane bathing solutions is equal to 121 = 9 mV. The
reduction in the dipole potential of the DPhPE bilayers is 3
times less than that of the DPhPC bilayers. The change in
@4 of the DPhPS bilayers due to Rose Bengal adsorption is
equal to 12 & 3 mV. Table 1 demonstrates that the maxi-
mum reduction in the dipole potential of the DPhPC,
DPhPE, and DPhPS bilayers caused by phloxine B intro-
duction in the membrane bathing solutions is equal to
83 +4, 707, and 17 £ 7 mV, respectively. The
approximation of the data presented in Fig. 2d—f gives

triangle). The membranes were constructed using DPhPC (a, d),
DPhPS (b, e), and DPhPE (c, f) and bathed in 0.1 M KCI at pH 7.4.
V = 50 mV. The results for the DPhPC bilayers for Rose Bengal are
from (Efimova and Ostroumova 2012)

Apg(o0) =65 £ 6 and 51 =7 mV for the erythrosin-
modified DPhPC and DPhPE membranes, respectively.
The data suggest that erythrosin does not significantly
change the dipole potential of DPhPS bilayers. Eosin Y and
fluorescein do not significantly affect the magnitude of the
dipole potential of phospholipid bilayers (the maximum
reduction in the @q4 is equal to 15 £ 3 mV).

The presented results demonstrate that the change in the
magnitude of the membrane dipole potential due to the
adsorption of iodine-containing hormones does not depend
on the type and charge of the nitrogen base in the hydro-
philic head of the phospholipid molecule. Therefore, the
surface charge of the lipid bilayer does not influence the
sorption of the hormones on the surface of the bilayer.
These results are in agreement with the assumption of
Tsybulskaya et al. (1984). According to Tsybulskaya et al.
(1984), the effect of the iodine-containing hormones on the
@q 1s due to the adsorption on the lipid bilayers of the
uncharged form of the hormone molecules.

A comparison of the chemical structures of xanthene
dyes and their effects on the dipole potential of phospho-
lipid bilayers (see Table 1) allows one to conclude that the
type of halogen substituent and its localization in the
molecule are the main factors behind the observed effects.
Comparison of erythrosin, eosin Y, and fluorescein indi-
cates that halogen atoms of only iodine and not bromine
impact the dipole modifier effect. The same conclusion
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Fig. 3 The dependence of [A@qy(0)]/[Ap4(C)] on 1/C for the conditions given in Fig. 2

may be drawn when Rose Bengal and phloxine B are
compared. Comparison of Rose Bengal with erythrosin or
phloxine B with eosin Y indicates that the presence of
several chlorine atoms located near the carbonyl group
significantly impacts the effect of xanthene dyes on the
bilayer dipole potential.

From Table 1, one can see that Rose Bengal, phloxin
B, and erythrosin are less effective in negatively charged
DPhPS membranes compared with uncharged DPhPC and
DPhPE bilayers. At physiological conditions (at pH 7.4),
fluorescein and its derivatives have a negative charge
(Batistela et al. 2011; Vlasova et al. 2011). It can be
proposed that electrostatic repulsion between the nega-
tively charged phospholipid molecules and the anionic
form of the modifier, which is able to reduce the mem-
brane dipole potential, may contribute to the observed
effect.

To support this idea that anionic form of the xanthene
dyes is able to decrease the magnitude of the membrane
dipole potential while the neutral one does not change the
(g we have employed the additional experiments at pH 2.5.
It is known that xanthene dyes are not charged at pH 2.5
(Batistela et al. 2011; Vlasova et al. 2011). That is why
xanthene dyes are expected to have no effect on the @4 at
pH 2.5. The results demonstrate that xanthene dyes, Rose
Bengal, phloxin B, and erythrosin do not practically change
the ¢4 of DPhPC bilayers at pH 2.5 (the maximum
reduction in the @4 is equal to 1 & 1 mV). Taking into
account that the surface charge of DPhPC membranes is
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positive below pH 4 (Zhou and Raphael 2007; Chiriac and
Luchian 2007; Mereuta et al. 2011), we also performed the
experiments with DPhPS bilayers that are still negatively
charged at defined conditions (Ivkov and Berestovski
1981). Rose Bengal does not affect the magnitude of the
dipole potential of DPhPS-bilayers at pH 2.5 (the maxi-
mum reduction in the @4 is equal to 0 £ 1 mV). Thus, data
obtained supported the general scenario described before.
One can think that the adsorption of the negatively charged
form of these modifiers leads to a reduction in the mem-
brane dipole potential.

The desorption constants, K, of the xanthene dyes are
significantly less than that of iodine-containing hormones
(Table 1). By consideration that K characterizes the inverse
affinity of the modifier for the lipid, this means that xan-
thene dyes are characterized by an order of magnitude
greater affinity to the lipid membranes compared with
iodine-containing hormones.

The presented results clearly demonstrate that xanthene
dyes, phloxine B, and erythrosin can significantly alter @4.
The effect of xanthene dyes and iodine-containing hor-
mones on the dipole potential of phospholipids bilayers is
due to the adsorption of charged and uncharged forms of
the modifier molecules, respectively.
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