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The aim of this study was to provide the basis to further examine the mode of action of etha-
nol. Fluorescent probes reported to have different membrane mobilities were used to evaluate
the effect of dimyristoylphosphatidylethanol (DMPEt) on the lateral and rotational mobilities of
liposome lipid bilayers. An experimental procedure, based on the selective quenching of 1,6-
diphenyl-1,3,5-hexatriene (DPH) and 1,3-di(1-pyrenyl)propane (Py-3-Py) by trinitrophenyl
groups, was used. DMPE! increased the bulk lateral and rotational mobilities, and had a
greater fluidizing effect on the outer than the inner monolayer. These effects of DMPEL on lipo-
somes may be responsible for some, but not all, of the general anesthetic actions of ethanol.

Key words: Dimyristoylphosphsatidylethanol, Liposomes, Transbilayer lateral and rotational
mobility, Fluorescence quenching technique

INTRODUCTION

The use of ethanol goes back to the dawn of civilization,
and its ingestion is known to exert diverse physiological
effects on many body organs, including the central nervous
system (CNS). The molecular mechanism of action of
ethanol in the CNS has long been a subject of great
interest. There are several proposals for the molecular
mechanism of action of ethanol, and include both lipid and
protein theories. However, the precise location of molecular
action has continued to be a subject of controversy to the
present day. The current consensus is that ethanol has a
site(s) of action located within the cell membrane,
presumably at the synapse. Debate has continued as to
whether the site is located exclusively in the lipid bilayer,
at a hydrophobic site on a protein or at the membrane
protein-lipid interface.

A number of theories propose perturbations of the bulk
physical properties of the lipids of cell membranes as the
primary event leading to inebriation or anesthesia. An im-
portant version attributed the anesthetic and intoxicating
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properties of alcohols to their lipid-fluidizing action in
membranes (Armbrecht et al.,, 1983). The enhanced fluidity
of neuronal membranes produced by ethanol may alter
many cell surface processes, including membrane-bound
enzymes, receptors, neurotransmitters, and ion channel
activities (Bangham and Mason, 1979; Chin and Goldstein,
1977a). Ethanol and related alkanols have been shown to
decrease the temperature of the gel-to-liquid crystalline
phase transition of model membranes (Chin and Goldstein,
1977b), expand membranes (Chin and Goldstein, 1981)
and alter the surface charge of membrane lipids (Chin
and Goldstein, 1984).

However, the hypothesized membrane-fluidizing action
of ethanol in the CNS is now being strongly challenged by
recent data showing that ethanol specifically and selectively
affects the function of the GABA-coupled chioride channel
(Gonzales and Hoffmann, 1981; Sanna et al., 1991) and
membrane specific protein (Franks and Lieb, 1985, 1987,
1993, 1994).

A pathway of ethanol metabolism with an unusual
phospholipid, phosphatidylethano! (PET), as the product
has been reported (Alling et al., 1984). The conformation
and properties of this phospholipid could be of considerable
interest since it is at the polar region level that mem-
branes interact with the external environment. Omodeo-
Salé et al. (1989) investigated the thermotropic behavior
of PET in vesicular dispersions of phosphatidylcholine
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using high-sensitivity differential scanning calorimetry. They
showed that PET can markedly influence the physicochem-
ical properties of membranes where it is occasionally

synthesized. PET decreased the anisotropy of 1,8- -

diphenyl-1,3,5-hexatriene (DPH) in native membrane lipid
bilayers (isolated from the crude mitochondrial fraction of
the brain in Sprague-Dawiley rats) and in 1,2-dimyristoyl-
phosphatidylcholine (1,2-DMPC) model membrane lipid
bilayers (Omodeo-Salé et al., 1991). However, analysis of
the effects of PET on the fluidity of native and model
membranés have focused on the average change in their
lipid environment, not on any asymmetric effect on the
inner and outer monolayers. Furthermore, the change in
the lateral mobilities of native and model membranes in
response to PET has not been determined.

Furthermore, it has already been reported that while
DMPE! increased the lateral and rotational mobilities of
the neuronal lipid bilayer, it had a greater impact on
increasing the mobility of the outer monolayer compared
to that of the inner (Jang et al., 2004a). There is a good
possibility that the effects of ethanol on the CNS result not
only from a direct action on neuronal membranes, but
from the action of DMPEt also (Jang ef al., 2004a).
However, since neuronal membranes are protein containing
lipid bilayers, we can not entirely exclude the possibility
that the effects of DMPEt on proteins may increase or
decrease depending on the lipid-protein interactions.
Therefore, the effects of DMPEt on the fluidity of lipid
bilayers were specifically examined in order to study the
effects of DMPEt on lipids only, with the results reported
herein.

MATERIALS AND METHODS

Materials

The DPH and 1,3-di(1-pyrenyl)propane (Py-3-Py) fluores-
cent probes were obtained from Molecular Probes (Eugene,
OR, U.S.A). 24,8-Trinitrobenzenesulfonic acid (TNBS)
was purchased from Fluka (Buchs, Switzerland). 1,2-
DMPC, phospholipase D, and other reagents were obtained
from Sigma (St. Louis, MO, U.S.A.) and were of analytical
grade. Phospholipase D was partially purified from Savoy
cabbage, using acetone precipitation, according to the
method of Davidson & Long (1958). After acetone precipi-
tation the enzyme was suspended in water and lyophilized.
The powder obtained was stored at -20°C.

Preparation of synaptosomal plasma membrane
vesicles (SPMV)

The SPMV were prepared according to the procedure
reported in earlier studies (Yun and Kang, 1990; Yun et
al., 1990). The specific activities of Na,K-ATPase, acetyl-
cholinesterase and 5'-nucleotidase in the plasma mem-
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brane fraction were approximately 4-, 2.5-, and 3-times
higher than those in the crude homogenates. The electron
microscopic examination of the prepared SPMV showed
very high purity. The vesicles, which were separated ac-
cording to size, demonstrated homogeneous distribution
and no longer showed the presence of intracellular
organelles or leakage. The protein concentration was
determined by the method of Lowry et al. (1951), using
BSA as a standard.

Liposome preparation

Total lipids were extracted from the SPMV, as previously
described (Yun and Kang, 1990). The cholesterol content
of the extracted total lipids was determined using the
Liebermann-Buchard reaction (Huang et al., 1961). Phos-
pholipids were quantified by measuring the amounts of
inorganic phosphate (Bartlett, 1959) after hydrolysis of the
phospholipids in 70% HCIO, at 180°C (Madeira and
Antunes-Madeira, 1976). The SPMV had a high lipid to
protein ratio (0.942 mg total lipids/1 mg protein) and a low
cholesterol to phospholipid molar ratio (0.593 + 0.011:
cholestero!l 0.208 + 0.010, phospholipids 0.702 + 0.025).
For our calculations, the average molecular weight of the
phospholipids was assumed to be 775; that of cholesterol
is 387. The phospholipids were composed (mol%) of
phosphatidylcholine (41.55  0.91), phosphatidylethanola-
mine (36.83 + 0.48), phosphatidylserine (13.60 £ 0.26),
sphingomyelin (4.15 + 0.16), phosphatidylinositol (2.90 +
0.09), and lysophosphatidylcholine (0.97 + 0.03).

Stock solutions of the total lipids or phospholipids ex-
tracted from the SPMV, SPMVTL, and SPMVPL, respec-
tively, were prepared in chloroform. The concentration of
the lipid stock solutions was 0.2 mg/mL. Giant unilamellar
vesicles (GUVs: SPMVTL or SPMVPL), with a mean di-
ameter of 45 um, were prepared by the method developed
by Angelova & Dimitrov (Angelova and Dimitrov, 1986;
Dimitrov and Angelova, 1987; Angelova et al., 1992). To
grow the GUVs, a previously described special tempera-
ture-controlled chamber was used (Bagatolli and Gratton,
1999, 2000; Yun et al., 2002). The experiments were carried
out in the same chamber following vesicle formation, using
an inverted microscope (Axiovert35: Zeiss, Thornwood,
NY). The following steps were used to prepare the GUVs:
1) ~3 uL of the lipid stock solution was spread on each Pt
wire under a stream on N,. To remove the organic solvent
residues the chamber was placed in a liophilizer for ~2 h.
2) For the addition of aqueous solvent into the chamber
(Millipore water 17.5 MQ/cm), the bottom part of the
chamber was sealed with a coverslip. Millipore water,
previously heated to the desired temperature (80°C for
SPMVTL, 60°C for SPMVPL), was then to sufficiently
cover the Pt wires. Immediately after this step, the Pt
wires were connected to a function generator (Hewlett-
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Packard, Santa Clara, CA), and a low-frequency AC field
(sinusoidal wave function with a frequency of 10 Hz and
an amplitude of 3 V) applied for 90 min. After vesicle
formation, the AC field was turned off.

Synthesis of 1,2-dimyristoylphosphatidylethanol

DMPEt was synthesized by the procedure of Omodeo-
Salé et al. (1989), which involved the transphosphatidylation
of 1,2-DMPCl/ethanol by phospholipase D. The yield was
70-80%, with the DMPEt produced purified by ion-exchange
chromatography and characterized by fast atom bom-
bardment-mass spectrometry (FAB-MS).

Labeling of 2,4,6-trinitrobenzene sulfonic acid
(TNBS)

To determine the fluorescence parameters of the probe
molecules in each of the membrane monolayers, TNBS
labeling reactions were performed as previously described
(Kang et al., 1996; Yun and Kang, 1990; Yun et al., 1993;
1994, Jang et al., 2004a,b; Bae et al., 2004), but with a
few modifications. The SPMVTL (or SPMVPL) was gently
resuspended in 50 mL of 4 mM TNBS in buffer A for 80
min (in the case of asymmetric lateral mobility) or 50 mL
of 2 mM TNBS in buffer A for 40 min (in the case of
asymmetric rotational mobility) or in buffer A alone. Buffer
A consisted of 30 mM NaCl, 120 mM NaHCO;, 11 mM
glucose, and 1% BSA. The reagent pH was adjusted to
8.5 with NaOH. To assure compiete exposure of all
SPMVTL (or SPMVPL) outer monolayers to TNBS, the
pellet was passed slowly through an Eberbach tissue
grinder (3 up and down strokes). Unless otherwise
specified, treatment was carried out at 4°C. The TNBS
labeling reaction was terminated by the addition of an
equal volume of 1% BSA in phosphate buffered saline
(PBS; 8 g/L NaCl, 0.2 g/L KCI, 0.2 g/L KH,PO,, 1.15 g/L
Na,HPO, 7H,0, 0.48 g/L Hepes, pH 7.4).

Fluorescence measurements

All fluorescence measurements were made with a Multi
Frequency Cross-Correlation Phase and Modulation
Fluorometer (Model; ISS K2-003). The cuvette temperature
was maintained at 37.0 £ 0.1°C in a circulating water bath
(pH 7.4). The bandpass slits were 10 and 5 nm on
excitation and emission, respectively. Blanks, prepared
under identical conditions, but without the fluorescent
probes, served as controls.

Py-3-Py was incorporated by the addition of aliquots
of 5x10° M stock solution in absolute ethanol to the
SPMVTL (or SPMVPL), such that the final probe concen-
tration was less than 5x107 M (Kang ef al., 1996; Yun et
al., 1994; Jang et al., 2004a,b; Bae et al., 2004). Mixtures
were initially vigorously vortexed for 10 s at room tem-
perature, and then incubated at 4°C for 18 h, with gentle

stirring (Kang et al., 1996; Yun et al, 1994; Jang ef al,
2004a,b; Bae et al., 2004).

DPH was dissolved in tetrahydrofuran, and 0.5 plL
tetrahydrofuran per mL of PBS was added directly to the
liposome suspension, to a final concentration of 0.01 pg/
50 ug membrane phospholipids (fluorescent probe DPH
2: membrane phospholipids 10,000}, as described previ-
ously (Kang et al., 1996; Yun ef al., 1993, 1994; Jang et
al., 2004a,b; Bae et al., 2004). After probe incorporation,
the membrane suspension was placed in cuvettes, and
the control fluorescence determined. Concentrated solu-
tions of DMPEt were prepared in 10 mM Tris-HCI (pH 7.4)
and added to the labeled membrane suspension (or
untreated both SPMVTL and SPMVPL suspension) to
give the desired concentration of DMPE! (in this case, for
30 min incubation).

Excitation wavelength for Py-3-Py was 330 nm and the
emission wavelengths for the Py-3-Py monomer and
excimer were 379 and 480 nm, respectively. For the Py-3-
Py excimer emission, a GG-455 cut-off filter was used.
The excimer to monomer fluorescence intensity ratio, I/,
was calculated from the ratio of the 480 to 379 nm
signals. The excitation and emission wavelengths for
DPH were 362 and 424 nm, respectively.

The effect of DMPEt on the lateral mobility of the
individual monolayers of both SPMVTL and SPM-
VPL: selective quenching of Py-3-Py

This method was based on the assumption that the
system is composed of fluorescing compartments that are
differentially accessed by TNBS. The excimer to monomer
fluorescence intensity ratios, //, of Py-3-Py in the bulk
(inner plus outer), and in the inner and outer monolayers
were calculated by the following equations:

Iy =11, (1)
I = 1511 (2)
(Mo ='e- 1)1 (- 1) ' 3)

where (I, (I7l);, and (I71), are the excimer to monomer
fluorescence intensity ratios of Py-3-Py (/1) in the bulk,
and in the inner and outer monolayers, respectively. The
values of [} (excimer fluorescence intensity for the inner
plus outer monolayers) and I’ (for the inner monolayer)
were determined for Py-3-Py from the SPMVTL and
SPMVPL, incubated at 4°C in buffer A and buffer A plus
TNBS (pH 8.5, non-penetrating conditions), respectively.

The effect of DMPEt on the rotational mobility of
bulk SPMVTL and SPMVPL

The intensities of the components of fluorescence
parallel () and perpendicular (/,) to the direction of the
vertically polarized excitation light were determined by
measuring the light emitted through polarizers oriented
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vertically and horizontally. The polarization (P) was
obtained from the intensity measurements, using P = (/-
Gl,) / (l + Gl.), where G is a grating correction factor for
the transmission efficiency of the monochromator for
vertically and horizontally polarized light. This is given by
the ratio of the fluorescence intensities of the vertical to
horizontal components when the exciting light is polarized
in the horizontal direction. The polarization was expressed
as the anisotropy as the follow:

r=2PI(3-P) (4)

The effect of DMPEt on the rotational mobility of
individual monolayers of both SPMVTL and SPM-
VPL: selective quenching of DPH

The experimental determination of the separate mono-
layer structures of both the SPMVTL and SPMVPL were
based on a method previously established for the plasma
membrane vesicles of Chinese hamster ovary cells (CHO-
K;-PMV, Yun et al., 1993), plasma membranes of Mar
18.5 hybridoma cells (ATCC-PMV, Yun et al., 1994), and
of the myeloma cell line Sp2/0-Ag14 (Sp2/0-PMV, Kang et
al., 1996) and SPMV (Yun and Kang, 1990; Jang et al,
2004a,b; Bae et al., 2004). This does not simply provide a
theoretically calculated or average value: instead it is
based on the assumption that the system is composed of
fluorescing compartments of different accessibility to
TNBS. If the fluorescence intensity, F, and the anisotropy,
r, are measured simultaneously, then:

r=1Fy; _ (5)
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where F; is the fraction of the fluorescence intensity in
compartment j. For a binary system, composed of the outer
and inner monolayers of the SPMVTL (or SPMVPL), this
leads to:
F, F-F

r:_ﬁri+Tro (6)
where F and F; are the DPH fluorescence obtained for
both SPMVTL and SPMVPL incubated at 4°C with buffer
A and buffer A plus 2 mM TNBS (pH 8.5, non-penetrat-
ing conditions), respectively. The values of the fluorophore
concentration-independent parameter anisotropies, r
(anisotropy for both monolayers) and r; (inner monolayer
anisotropy), were also determined for DPH in both
SPMVTL and SPMVPL incubated at 4°C with buffer A
and buffer A plus TNBS, respectively. The equation was
then solved for r, (outer monolayer anisotropy).

RESULTS AND DISCUSSION

The characteristics of the lipid samples, such as size,
lameliarity, radius of curvature, and shape, are strongly
dependent on the method used to form the vesicles
(Lasic, 1988). As a consequence of the preparation
method, the parameters that characterize the lipid phase
equilibrium in lipid mixtures are affected by the lipid
sample characteristics. Because the size (a mean
diameter of 45 um) of the GUVs is in the same order as
that of the cells, the vesicles are becoming objects of
intense scrutiny in diverse areas that focus on membrane
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Fig. 1. Effects of DMPEt on the excimer to monomer fluorescence intensity ratio (/) of Py-3-Py in liposomes [SPMVTL (a) and SPMVPL (b)]. The
excitation wavelength of Py-3-Py was 330 nm. The /// values were calculated from the ratios of the 480 to 379 nm signals. The SPMVTL and
SPMVPL were treated 4 mM TNBS, pH 8.5, at 4°C for 80 min. Py-3-Py was incorporated into both SPMVTL and SPMVPL, and fluorescence
measurements performed at 37°C (pH 7.4). Untreated (inner and outer monolayers, W); TNBS treated (inner monolayer, ®@); calculated for the
outer monolayer (a) using eq. 3, as described in Materials and Methods. Each point represents the mean + SEM of 5 determinations. The asterisk
and double asterisks signify P < 0.05 and P < 0.01, respectively, compared to the control, using the Student's t-test.
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behavior (Menger and Keiper, 1998).

The effect of DMPEt on the rate and range of lat-
eral mobility in bulk bilayers of SPMVTL and
SPMVPL

We used Py-3-Py, a pyrene derivative that has been
used to quantify the lateral mobility within native and
model membranes (Bae et al., 2004; Jang et al., 2004a,b;
Kang et al., 1996; Schachter, 1984; Yun ef al., 1993, 1994,
Zachariasse et al., 1982), to determine the rate and range
of lateral mobility in the SPMVTL and SPMVPL. With this
probe, the emission of both the monomer (/) and the
excimer (/") components are monitored in such a way that
a ratio can be derived and used as a measure of the
fateral mobility (Bae et al, 2004; Jang et al., 2004a,b;
Kang et al., 1996; Schachter, 1984; Yun et al., 1993, 1994;
Zachariasse et al, 1982). The probe mobility increases
the emission from the excimer predominates, since the
formation of the intramolecular excimer is dependent upon
the lateral movement of its two components. Therefore,
an increase in the /7 ratio indicates increased lateral
mobility of the probe within the membranes. The excimer
fluorescence technique using Py-3-Py has advantages
over its counterpart based on intermolecular excimer-
ization, in that very low probe concentrations can be used
(<107 M) and perturbation of the liposomes by the probe
molecule is minimized.

The /I values in intact SPMVTL and SPMVPL (DMPEt-
untreated) were 0.606 + 0.007 and 0.790 + 0.010 (at 37
°C, pH 7.4), respectively. Incubation with DMPEt increased
the range and rate of the lateral mobility in the bulk (inner
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+ outer monolayer) SPMVTL and SPMVPL at concentra-
tions as low as 15.0 uM (n = 5, P < 0.05), as demonstrated
in Figs. 1 and 3.

The 1/ values of Py-3-Py in the bulk SPMVTL and
SPMVPL, incubated with 25.0 yM DMPEt, were 0.636 +
0.015"™(n =5, P<0.01) and 0.820 £ 0.012** (n =5, P <
0.01), respectively, and the changes in /] values before
and after the addition of DMPEt were 0.030 and 0.030,
respectively. The /] values of Py-3-Py in the SPMVTL
bilayer were 0.606 + 0.007 (n = 5) and 0.524 + 0.005 (n =
5) at 37 and 25°C (pH 7.4), respectively. Hence the effect
of 25.0 uM DMPEt was equivalent to that produced by a
temperature increase of approximate 4.4°C (in the case of
SPMVTL). The /7] values of Py-3-Py in the SPMVPL
bilayer were 0.790 £ 0.010 (n = 5) and 0.715 £ 0.007 (n =
5) at 37 and 25°C (pH 7.4), respectively. Hence the effect
of 25.0 yM DMPEt was equivalent to that produced by a
temperature increase of approximate 4.8°C (in the case of
SPMVPL). We reported that the effect of 25.0 uM DMPEt
on the neuronal membranes (SPMV) was as large as that
produced by a temperature rise of approximate 6°C (Jang
et al., 2004a). Thus, in terms of the increase in mobility of
the neuronal and liposome lipid bilayers by DMPEt, the
magnitude of effects of DMPEt was found to be greater in
the neuronal membranes (SPMV) than in the liposome
(both SPMVTL and SPMVPL). The sensitivities to the in-
creasing effect of the lateral mobility of the bulk bilayer
due to DMPEt differed depending on the native and
liposomes membranes, in the descending order: SPMV,
SPMVPL, and SPMVTL.
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Fig. 2. Effects of DMPE! on the anisotropy (r) of DPH in liposomes [SPMVTL (a) and SPMVPL (b)]. The excitation and fluorescence emission
wavelengths for DPH were 362 and 424 nm, respectively. The SPMVTL and SPMVPL were treated 2 mM TNBS, pH 8.5, at 4°C for 40 min. DPH
was incorporated into both SPMVTL and SPMVPL, and fluorescence measurements performed at 37°C (pH 7.4). Untreated (inner and outer
monolayers, W); TNBS treated (inner monolayer, @); calculated for the outer monolayer (a) using eq. 6, as described in Materials and Methods.
Each point represents the mean + SEM of 5 determinations. The asterisk and double asterisks signify P < 0.05 and P < 0.01, respectively,

compared to the control, using the Student's t-test.
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The effect of DMPEt on the range and rate of
transbilayer asymmetric lateral mobility of lipo-
some monolayers

The covalently linked trinitrophenyl group has a broad
absorbance range, with a maximum near 420 nm. This
peak has a large overlap with the fluorescence emission
of Py-3-Py. This overlap is responsible, in part, for the high
transfer (quenching) efficiency of the probe. Approximately
half the Py-3-Py fluorescence was quenched in the
trinitrophenylated SPMVTL and SPMVPL. When TNBS
labeling was conducted under penetrating conditions
(37°C), nearly all of the fluorescence of the Py-3-Py was
quenched. Values for the excimer to monomer fluorescence
intensity ratio (///) of Py-3-Py in intact SPMVTL and
SPMVPL (both monolayers) and in TNBS-treated SPMVTL
and SPMVPL (inner monolayer) are listed in Table I. The
171 of Py-3-Py in the outer monolayer was 0.075, which
was greater than that calculated for the inner monolayer
(in the case of SPMVTL). The I/l of Py-3-Py in the outer
monolayer was 0.096, which was greater than that cal-
culated for the inner monolayer (in the case of SPMVPL).
This means that the rate and range of the lateral mobility
of the outer monolayer was greater than that of the inner
monolayer.

The effect of increasing concentrations of DMPEt on the
171 values in the individual SPMVTL (or SPMVPL) mono-
layers is shown in Fig. 1 (a and b). DMPEt significantly
increased the rate and range of lateral mobility of the
outer monolayer of the SPMVTL and SPMVPL, 0.662 +
0.010, P < 0.05, n = 5 [Fig. 1(a)] and 0.867 + 0.015, P <
0.05, n = 5 [Fig. 1(b)], respectively. DMPEt caused a
greater increase in the fluidity of the outer [Fig. 1 (a and b),
filled triangles] than the inner monolayer [Fig. 1 (a and b),
filled circles]. Since the changes in /7 values are derived
primarily from the effect on the outer monolayer, we studied
the selective effects of DMPEt on the rate and range of
mobility of the probe. To the best of our knowledge, the
results presented here are the first to demonstrate that the
Sheetz-Singer hypothesis (1974) is valid in liposomes.

Although many researchers have reported that the
fluidity in inner and outer monolayers of native and model
membranes differ, all previous studies on asymmetric
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bilayer fluidity have examined the rotational range, but not
the rate and range of lateral mobility. In this study, using
the selective quenching of Py-3-Py and DPH fluorescence
due to trinitrophenyl groups, we examined the transbilayer
asymmetric lateral and rotational mobilities.

The TNBS labeling reaction must be carefully monitored
in order to ensure the reagent does not penetrate into the
inner monolayer, and thereby label both sides of the
liposomes. When the TNBS treatment is performed under
penetrating conditions (37°C), 60-80% of the phosphati-
dylethanolamine in liposomes is trinitrophenylated (Yun
and Kang, 1990). Approximately half the Py-3-Py fluores-
cence was quenched in both the trinitrophenylated
SPMVTL and SPMVPL.

It is important to note that the term "membrane fluidity"
is often misused. It arose from a combination of spectro-
scopic studies, the realization that membranes can be
regarded as two-dimensional fluids, and the desire to
obtain a simple single physical parameter that would
describe their properties. The difficulty with the membrane
fluidity concept is that any physical parameter chosen will
be a function of the spectroscopic method employed,
specifically its particular time window, and the properties
of the probe (shape, charge, location etc, Stubbs, and
Williams, 1992). The membrane fluidity concept also
depends on the assumption that the hydrophobic region
of cell membranes is structurally and dynamically homoge-
neous, an assumption that is now under serious challenge.
Thus, while it may be true to say that the bulk or average
spectroscopic properties of cell membranes may not be
useful in building a hypothesis for the pharmacological
action(s) of drug(s), local properties pertaining to domains
or the immediate environment of a membrane protein
may be very relevant.

As already pointed out, the membrane bilayer mobility is
an important factor controlling the membrane microviscosity
or fluidity. The membrane bilayer mobility includes both
the lateral and rotational mobilities, as well as the “flip-
flop”, with the lateral mobility well known as the most
important of these factors. We are pleased to have been
able to develop and describe a fluorescence quenching
technique that can measure the membrane transbilayer

Table |. Structural parameters of intact liposomes (SPMVTL and SPMVPL)

SPMVTL Anisotropy (1) ¥ e SPMVPL Anisotropy (1) @ R
Inner + Quter 0.183 + 0.002 0.606 + 0.007 Inner + Outer 0.149 £ 0.001 0.790 £ 0.010
Inner 0.199 £ 0.003 0.568 + 0.005 Inner 0.163 £ 0.002 0.742 £ 0.009
Outer 0.168 + 0.004 0.643 £ 0.009 Outer 0.135 £ 0.003 0.838 £ 0.012

“Liposomes were treated + 2 mM 2,4,B-trinitrobenzenesulfonic acid (TNBS), pH 8.5, at 4°C for 40 min (anisotropy), "liposomes were treated + 4
mM TNBS, pH 8.5, at 4°C for 80 min (///). 1,6-Diphenyl-1,3,5-hexatriene (or 1,3-di(1-pyrenyl)propane) was incorporated, and fluorescence
measurements were performed at 37°C (pH 7.4). Values from TNBS-treated membranes represent the inner monolayer; values for the outer
monolayer were calculated as described in Materials and Methods. Values are represented as the mean + SEM of five determinations.
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asymmetric lateral mobility. Therefore, we believe that this
study will contribute to the study of drug-membrane
interactions.

The effect of DMPEt on the range of rotational
mobility of bulk bilayer liposomes

The anisotropies (r) of DPH in the intact SPMVTL and
SPMVPL were 0.183 + 0.02 and 0.149 £ 0.001, respectively
(37°C, pH 7.4) (Table 1). DMPEt decreased the anisotropies
of the liposome lipid bilayers at 15.0 uM [Fig. 2(a and b)].
The differences in the anisotropies of the bulk SPMVTL
and SPMVPL lipid bilayers before and after the addition of
25.0 uM DMPEt were 0.012 and 0.012, respectively. This
can be evaluated by comparison with the effect of tem-
perature on this parameter. The anisotropies of DPH in
the bilayer of the SPMVTL were 0.183 + 0.002 (n = 5) and
0.242 £ 0.003 (n =5) at 37 and 25°C (pH 7.4), respecti-
vely. The effect of 25.0 uM DMPEt was; thus, the same as
that produced by a temperature increase of approximate
2.4°C. The anisotropies of DPH in the bilayer of the
SPMVPL were 0.149 £ 0.001 (n = 5) and 0.201 £ 0.002 (n
= 5) at 37 and 25°C (pH 7.4), respectively. The effect of
25.0 uM DMPEt was; thus, the same as that produced by
a temperature increase of approximate 2.8°C.

The effect of DMPEt on the range of transbilayer
asymmetric rotational mobility of liposome monolayers

The structures of the intact SPMVTL (or SPMVPL)
(inner plus outer monolayers), and the outer (extracellular)
and inner (intracellular) monolayers, were evaluated using
DPH as a fluorescent reporter, with trinitrophenyl groups
as quenching agents. Trinitrophenylation of the intact
SPMVTL (or SPMVPL) at 4°C (non-penetrating conditions)
resulted in the covalent attachment of trinitrophenyl
quenching agents to the outer monolayers. Approximately
half the DPH fluorescence was quenched in the treated
SPMVTL (or SPMVPL) outer monolayer. When TNBS
labeling was conducted under penetrating conditions
(37°C), more than 98% of the DPH fluorescence was
guenched. The values of the fluorescence parameters in
intact (both monolayers) and TNBS-treated liposomes
(inner monolayer) are listed in Table |I. The anisotropy of
DPH in the inner monolayer of the liposomes was 0.031,
which was significantly greater than that calculated for the
outer monolayer, as demonstrated in Table |.

Fig. 2 (a and b) shows that the anisotropy of DPH in the
TNBS untreated membrane (inner plus outer monolayers)
decreased gradually (fluidization) with increasing DMPEt
concentration [Fig. 2 (a and b), filled squares]. There was
a similar, but more gradual, decrease in the calculated
anisotropy of the outer monolayer [Fig. 2 (a and b), filled
triangles]. However, there was no statistically significant
decrease in the anisotropy (the rotational mobility range)
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of the inner monolayer at any of the DMPEt concentra-
tions used. These results suggest that the fluidizing effect
(range of rotational mobility) of DMPEt is selective.

Thus, DMPEt affects the lateral and rotational mobilities
of liposomes, mainly via an effect on their outer mono-
layer. This is the first demonstration that DMPEt has a
differential effect on the transbilayer asymmetric lateral
and rotational mobilities of the inner and outer monolayers
of liposomes. The sensitivities to the increasing effect of
the rotational mobility on the hydrocarbon interior by the
DMPEt differed depending on the native and model
membranes, in the descending order: SPMV (Jang et al.,
2004a), SPMVPL, and SPMVTL. From the results of this
study, DMPEt undoubtedly increases the rotational mobility
of the hydrocarbon interior of the membrane. These effects
are not solely due to the influence of the DMPET on lipids,
but are magnified by the interaction between lipids,
proteins and water. Water plays a fundamental role in the
cell membrane structure, in that it drives the formation of
the lipid bilayer, with a polar surface facing the aqueous
environment and a hydrophobic interior containing the
fatty acyl chains and transmembrane proteins. In general,
the structures and dynamics of proteins are also, to a
large extent, governed by interactions with water (Teeter,
1991). Water penetrates into lipid bilayers at least as far
as the glycerol backbone, but deeper between fatty acyl
chain packing defects. Water at the protein-lipid interface
is an additional factor influencing the lipid bilayer structure.
The introduction of small peptides, consisting of three
amino acids, can cause a shift of water deeper into the
bilayer, indicating increased hydration (Jacobs and White,
1989). Altered hydration may have marked effects on
membrane protein/lipid functioning, possibly due to the
formation of hydrogen bonds between the interchain
water and protein amino acid side chains or lipid acy!
chains that face into the hydrophobic interior of the
membrane. It is possible that the proteins organize the
lipid in such a way as to make them more susceptible to
DMPEL.

Ethanol increased the lateral and the rotational mobilities
of plasma membrane vesicles (CHOK1-PMV) of cultured
Chinese hamster ovary K1 cells (Yun et al., 1993), the
plasma membrane vesicles (ATCC-PMV) of cultured hy-
bridoma cells (ATCC T1B 216, Yun et al., 1994), plasma
membrane vesicles of the cultured mouse myeloma cell
line Sp2/0-Ag14 (Kang ef al., 1996) and SPMV (Bae et
al., 2005). Ethanol had a greater effect on increasing the
range of rotational mobility of the outer compared to the
inner monolayer of CHOK1-PMV (Yun et al., 1993), ATCC-
PMV (Yun et al., 1994), Sp2/0-Ag14 (Kang et al., 1996)
and SPMV (Bae et al., 2005). Furthermore, as mentioned
in the introduction, a pathway for ethanol metabolism,
where the product was an unusual phospholipid, PET
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(Alling et al., 1984), has been reported. Judging from the
results of the present study, as well as those from other
studies (Alling et al., 1984; Omodeo-Salé et al., 1989,
1991; Jang et al., 2004a), there is a good possibility that
the effects of ethanol on the CNS result not only from a
direct action on neuronal membranes, but also from the
action of DMPEt.
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