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Thermotropic Properties of Phosphatidylethanols
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ABSTRACT Phosphatidylethanol is formed when ethanol substitutes in the transphosphatidylation reaction catalyzed by
phospholipase D. The structural and thermotropic properties of dipalmitoylphosphatidylethanol and dimyristoylphosphati-
dylethanol have been studied using differential scanning calorimetry, fluorescence spectroscopy, and 3'P nuclear magnetic
resonance. These lipids exist in a bilayer phase with no indication of nonbilayer phase formation, as shown by *'P nuclear
magnetic resonance. It was found that the phase behavior of these phospholipids before and during the main chain melting
transition is different in 50 mM Tris buffer compared to salt solutions. The phase transition behavior and the 6-propionyl-2-
(dimethylamino)naphthalene (Prodan) fluorescence spectra for both lipids are consistent with the formation of the interdigi-
tated gel phase under certain conditions. Both lipids become interdigitated in Tris-HCI, and ethanol enhances the formation
of this phase. Comparative studies of the 6-propionyl-2-(dimethylamino)naphthalene spectra in dipalmitoylphosphatidylg-
lycerol, dielaidoylphosphatidylethanolamine, and dipalmitoylphosphatidylcholine further elucidate the value and limitations of

this probe as a diagnostic tool for lipid structure.

INTRODUCTION

Ethanol substitutes for water in the transphosphatidylation
reaction catalyzed by phospholipase D, forming Peth in-
stead of phosphatidic acid (Gustavsson and Alling, 1987).
This phenomenon has been studied from the perspective of
monitoring and understanding the activity of phospholipase
D (Kobayashi and Kanfer, 1987; Moehren et al., 1994). It
has more recently been shown that phosphatidylethanol
accumulates in the membranes of animals exposed to etha-
nol in animal models of alcoholism (Gatalica et al., 1983;
Alling et al., 1984; Gustavsson, 1995). In these animals it
has been shown that Peth can reach its maximum concen-
tration in the presence of 300—400 mM ethanol, and the
amounts of Peth can vary between 0.2 and 2 nmol/umol of
total phospholipid (Gustavsson, 1995). This unique phos-
pholipid with its small anionic headgroup has unusual phys-
ical properties that may have important functional effects on
the cell membranes. It is important to understand these
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properties and their influence on the properties of the mem-
branes in which they reside.

Very few studies have been done on the properties of
individual pure phosphatidylethanols. In one study it was
shown that the gel to liquid crystal phase transition of
DPPeth and DMPeth were similar to that of the PC
(Omodeo-Sale’ et al., 1989). Several recent studies have
been done on the effects of adding Peth to membranes, with
mixed results. Omodeo-Sale’ showed that Peth increased
the fluidity of membranes from natural and artificial
sources, and suggested that it protected the membranes from
fluidization by ethanol for PC but not PE (Omodeo-Sale’ et
al., 1991). Another interesting report by Victorov et al.
(1994) based on NMR studies, indicates that the rate of
transbilayer movement of Peth is greater than any of the
other naturally occurring phospholipids near physiological
pH. These studies suggest that it is important to achieve an
understanding of the properties of this unusual class of
phospholipid.

In the present investigation, we studied the properties of
pure DPPeth and DMPeth by DSC, by fluorescence using
the probe Prodan, and by *>'P NMR, in comparison with
phosphatidylcholine, phosphatidylethanolamine, and phos-
phatidylglycerol. These studies suggest that this class of
lipids has some unique properties, including a tendency to
form an interdigitated gel phase. To further characterize its
tendency for interdigitation, we have also included the ef-
fects of ethanol and of Tris-HCI in these studies.

MATERIALS AND METHODS
Chemicals

DPPeth, DMPeth, DPPC, DPPG, and DEPE were obtained from Avanti,
Birmingham, AL, the ethanol was purchased from PhaRmco, Linfield, PA,
the fluorescence probe Prodan was obtained from Molecular Probes (Eu-
gene, OR), and deuterium oxide (99.8%) was obtained from Aldrich
(Milwaukee, WI).
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Sample preparation

MLYV or LUVET were used. Bangham’s method was used to prepare the
MLV (Bangham et al., 1967). Chloroform stock solutions of lipid were
dried under a steady stream of nitrogen gas, and then kept overnight on a
vacuum pump to remove all residual chloroform. The stock suspensions
were hydrated with water or the required NaCl or Tris-HCl solution, at a
temperature above the phase transition temperature of the particular lipid
for at least 2 h with occasional vortexing. LUVET were prepared by
extrusion of multilamellar vesicles through two stacked polycarbonate
filters of 400-nm pore size at a temperature above the phase transition of
the lipids, using the thermostatted extruder from Lipex (Vancouver, BC).
The extrusion was repeated 10 times. Lipid concentrations were deter-
mined by Bartlett’s method (Bartlett, 1959).

QELS

The size of LUVET was determined by NICOMP model 370 submicron
particle sizer (Pacific Scientific Co., Silver Spring, MD). The accumulation
time was 30 min.

DSC

DSC was performed using the MC-2 scanning calorimeter from Microcal,
Inc., Amherst, MA. The calorimeter is interfaced with an IBM compatible
computer, and the software used is Origin, provided by Microcal. A Haake
refrigerated bath controlled by the computer is connected to the calorimeter
for temperature control during cooling scans. The scan rates were 20°C/h
for both heating and cooling scans. The final concentrations of lipids for
DSC studies were from 2.0 to 4.5 mM. The data were analyzed using
Origin software from Microcal.

Fluorescence measurements

Fluorescence studies using the probe Prodan were performed using the
SLM 8300 spectrofluorometer which is interfaced with an IBM computer.
The lipid/probe ratio used was 500:1 unless specified otherwise. The
concentration of lipids used in fluorescence experiments was 1.1-1.2 mM.
In the Prodan experiments the excitation wavelength was 359 nm. The
fluorescence spectra were measured from 400 to 610 nm. A control sample
prepared without a fluoroprobe had less than a 1% scattering signal.

3P NMR

The phosphorus NMR experiments were carried out on a Bruker AM-500
(Billerica, MA) instrument operating at 202.46 Mhz for *'P.

RESULTS
DSC

At neutral pH, Peth has a negative charge that affects its
behavior in the membrane. Using DSC we investigated the
thermotropic behavior of both DPPeth and DMPeth LUVET
in water and in several concentrations of Tris-HCl buffer
and NaCl.

Fig. 1 shows examples of DSC heating scans of DPPeth in
several solvents including 50 mM Tris-HCI (pH 74), 1 M
Tris-HCI (pH 7.4), 0.5 M NaCl, 0.05 M NaCl, and pure water.
These data show clearly that the solvent composition has an
effect on the thermotropic properties of this lipid. Fig. 2 shows
the corresponding data for DMPeth. In both cases the solvent
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FIGURE 1 DSC scans of DPPeth extruded vesicles in several solvents,

which are indicated on the curves.

has a large effect. For both lipids, the scans in water showed a
transition temperature several degrees above those at the higher
ionic strengths. For DPPeth, for all of the solvent composi-
tions, the transitions showed a high temperature shoulder
whose temperature depended on the solvent. For DMPeth, the
transitions were narrower, without such a high temperature
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FIGURE 2 DSC scans of DMPeth extruded vesicles in several solvents,
which are indicated on the curves.
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shoulder. The scans in water proved to be of low reproducibil-
ity. These effects of ionic strength are typical of charged lipids
(Epand and Hui, 1986).

The effect of ionic strength on the size of the extruded
vesicles was studied by QELS for both DMPeth and
DPPeth. Fig. 3 shows the size distributions of DPPeth
liposomes in water and in Tris-HCl (pH 7.4) before DSC
scanning (A, C) and after five heating and cooling scans (B,
D). These data show that the vesicles prepared in Tris-HCl
were stable during thermal cycling, whereas the vesicles
prepared in water became smaller and more broadly dis-
perse after thermal cycling. Similar results were obtained
with DMPeth (data not shown). Because of the instability
and irreproducibility of the behavior of these lipids in pure
water, we have restricted the remainder of the investigation
to 0.5 M NaCl and Tris-HCI solvents.

To explore the structural preferences of DMPeth and
DPPeth, the effect of ethanol on the thermotropic properties
was studied by DSC. Figs. 4 A and 5 A show the effects of
ethanol on the T,, of DPPeth in NaCl and in Tris-HCI
buffer. In NaCl there is a slight increase in T, as a function
of ethanol concentration, with no significant hysteresis. In
comparison, in the presence of 50 mM Tris-HCI, at ~50
mg/ml ethanol, there is the beginning of a significant hys-
teresis between the transition temperatures for heating and
cooling. This behavior in Tris-HCI is similar to that ob-
served for the PCs when interdigitation is induced by eth-
anol (Rowe, 1985; Rowe and Cutrera, 1990).
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For DMPEth, the results are qualitatively different than
for DPPeth. Fig. 4 B shows that in the presence of 0.5 M
NaCl an inflection as well as hysteresis in the T, behavior
appears at ~40 mg/ml ethanol. In the presence of SO0 mM
Tris-HCI, shown in Fig. 5 B, hysteresis is constant across
the entire range of ethanol concentrations. The hysteresis
induced in the presence of NaCl by ethanol, and the hys-
teresis present at all concentrations of ethanol in the pres-
ence of Tris-HCI, are characteristic of the PCs when they
are in the ethanol-induced interdigitated phase (Rowe,
1985).

The enthalpies of the main transitions for DMPeth and
DPPeth are summarized in Table 1. The enthalpy did not
significantly change for DMPeth and DPPeth in Tris-HCI
and for DPPeth in NaCl. However, ethanol caused a signif-
icant increase in the enthalpy for DMPeth in the presence of
0.5 M NaCl.

Prodan fluorescence measurements

Prodan fluorescence has recently been shown to be useful in
detecting the various phases of PC, particularly in distin-
guishing between interdigitated and noninterdigitated
phases (Zeng and Chong, 1991, 1995; Chong, 1988, Chong
et al,, 1989; Rottenberg, 1992). To further pursue the in-
vestigation of the structure of DPPeth and DMPeth, the
spectra of Prodan in these lipids was compared with several
other lipids whose structures are known,
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FIGURE 3 QELS results for DPPeth extruded vesicles at 25°C. The accumulation time was 30 min. (A) Distribution analysis for DPPeth in water before
DSC scans; (B) distribution analysis for DPPeth in water after five DSC scans; (C) distribution analysis for DPPeth in 50 mM Tris-HCI buffer (pH 7.4)
before DSC scans; (D) distribution analysis for DPPeth in 50 mM Tris-HC1 buffer (pH 7.4) after five DSC scans.
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FIGURE 4 Effect of ethanol on the temperature of the main phase
transition of Peth in 0.5 M NaCl. (4) Effect of increasing concentration of
ethanol on the temperature of the phase transition of DPPeth in 0.5 M NaCl
(1, heating scans; 2, cooling scans); (B) effect of increasing concentration
of ethanol on the temperature of the phase transition of DMPeth in 0.5 M
NaCl (/, heating scans; 2, cooling scans).

Fig. 6 A shows the Prodan spectrum in DPPC MLV in the
presence and absence of ethanol. The DPPC spectra show
clearly the large difference in the Prodan spectrum between
the normal L gel phase and the interdigitated Lg; phase
induced by ethanol. In the interdigitated phase, the maxi-
mum is shifted from 435 to 507 nm. This shift is due to the
change in the partitioning of the Prodan between the solvent
and the lipid in these two phases (Zeng and Chong, 1991);
the spectrum in the presence of ethanol is primarily that of
Prodan in water, whereas the spectrum with the maximum at
435 represents Prodan in the lipid environment (Weber and
Farris, 1979; Massey et al., 1985).

Fig. 6 B shows the Prodan spectrum in DEPE MLV under
several conditions. The spectrum in 0.5 M NaCl is similar to
that in DPPC, reflecting the same partitioning of Prodan in the
gel phase for DEPE. The addition of ethanol causes a small
decrease in the maximum at 435 nm and a small increase at
507 nm. As a control, a similar amount of water was added to
a paralle] sample, which also resulted in a decrease, although
smaller, of the 435 nm intensity. This change can be attributed
to the change in partitioning of Prodan due to the decrease in
lipid concentration on the addition of water. The greater
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FIGURE 5 Effect of ethanol on the temperature of the main phase
transition of Peth in 50 mM Tris-HCl (pH 7.4). (A) Effect of increasing
concentration of ethanol on the temperature of the phase transition of
DPPeth in 50 mM Tris-HCI (1, heating scans; 2, cooling scans); (B) effect
of increasing concentration of ethanol on the temperature of the phase
transition of DMPeth in 50 mM Tris-HCI (/, heating scans; 2, cooling
scans).

change that occurs with ethanol is probably not a structural
change, but it may reflect a difference in the solubility of the
probe in the ethanol-containing solvent compared to water. At
70°C, where DEPE is in the nonbilayer inverted hexagonal
phase, the Prodan spectrum resembles that of DPPC in the
interdigitated phase.

Fig. 7, A and B show the spectra of Prodan in DPPG
MLYV. We have examined it in both 0.5 M NaCl and 50 mM
Tris-HCl, in the presence and absence of ethanol. In 0.5 M

TABLE 1 DSC summary

DPPeth DMPeth
+2M +2M
DPPeth  Ethanol DMPeth  Ethanol
50 mM Tris-HCI1
AH kcal/mol Heating scan 9.38 9.049 5.76 6.45
AH kcal/mol Cooling scan 9.05 1045 6.15 6.78
0.5 M NaCl
AH kcal/mol Heating scan 8.98 7.63 5.54 8.6
AH kcal/mol Cooling scan 8.08 73 5.06 8.36
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FIGURE 6 Prodan fluorescence spectra in DPPC and DEPE MLV. (A)
Effect of ethanol on the emission spectra of Prodan fluorescence in DPPC
in water at 22°C. I, 0 mg/ml ethanol; 2, 100 mg/ml ethanol. (B) Effect of
ethanol on the emission spectra of Prodan fluorescence in DEPE in water
at 22°C. 1, 0 mg/ml ethanol; 2, addition of 100 mg/ml ethanol (0.380 ml);
3, addition of 0.380 ml water; 4, emission spectra of Prodan fluorescence
in DEPE at 70°C.

NaCl the spectrum in the absence of ethanol is similar to
that in DPPC. However, in the presence of ethanol, the
spectrum in 0.5 M NaCl appears to be intermediate between
the interdigitated and noninterdigitated spectra of DPPC,
although the intensity is considerably reduced. In Fig. 7 B,
the spectrum of DPPG in Tris-HCI buffer is similar to that
of DPPC in the interdigitated phase, except that it has a
significant shoulder at 435 nm. The structure of DPPG has
been shown to be interdigitated in Tris buffer by x-ray
diffraction (Wilkinson et al., 1987). The addition of ethanol
reduces the intensity slightly but does not change the shape;
the shoulder at 435 nm persists.

Fig. 8, A and B show the spectra of Prodan in DPPeth
MLYV in 0.5 M NaCl and 50 mM Tris-HCI, in the presence
and absence of ethanol. In 0.5 M NaCl, DPPeth shows a
Prodan spectrum similar to that of DPPC, although the 507
nm shoulder is somewhat larger than that of DPPC, sug-
gesting a slightly lower partitioning of Prodan into DPPeth.
In 0.5 M Na(l, the effect of ethanol on the Prodan spectrum

FIGURE 7 Emission spectra of Prodan fluorescence in DPPG MLV. (4)
Effect of ethanol on the emission spectra of Prodan fluorescence in DPPG
in 0.5 M NaCl at 22°C (/, 0 mg/ml ethanol; 2, addition of 100 mg/ml
ethanol). (B) Effect of ethanol on the emission spectra of Prodan fluores-
cence in DPPG in 50 mM Tris-HCI (pH 7.4) at 22°C (I, 0 mg/ml ethanol;
2, 100 mg/ml ethanol).

is nearly identical to that in DPPC, giving a spectrum
characteristic of interdigitation, without a residual shoulder
at 435 nm. In the presence of 50 mM Tris-HCI, shown in
Fig. 8 B, in the absence of ethanol, the Prodan spectrum in
DPPeth is similar to that in 0.5 M NaCl plus ethanol for
DPPG: it appears to be intermediate between the two spec-
tral shapes. It shifts more toward the interdigitated spectrum
with the addition of ethanol. In the presence of 1 M Tris, the
spectrum becomes one similar to that in interdigitated
DPPC, both in the presence and absence of ethanol.

The corresponding data for DMPeth MLV are shown in
Fig. 9, A and B; they are qualitatively different from those
for DPPeth. In 0.5 M NaCl the addition of ethanol produces
a change in the spectrum similar to that in DPPG in which
there is a partial shift to the interdigitated spectrum with a
decrease in intensity. In the presence of 50 mM Tris-HCI,
however, DMPeth has a spectrum similar to that of DPPeth
in Tris-HCI plus ethanol in which the major peak is at 507
nm, with a shoulder at 435 nm, consistent with interdigita-
tion. The addition of ethanol makes no additional changes in
the spectrum in DMPeth in Tris-HCI, consistent with the
DSC results suggesting that the DMPeth is fully interdigi-
tated in Tris before the addition of ethanol.
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FIGURE 8 Emission spectra of Prodan fluorescence in DPPeth MLV.
(A) Effect of ethanol on the emission spectra of Prodan fluorescence in
DPPeth in 0.5 M NaCl at 22°C (1, 0 mg/ml ethanol; 2, 100 mg/ml ethanol).
(B) Effect of ethanol on the emission spectra of Prodan fluorescence in
DPPeth in 50 mM Tris-HCI (pH 7.4) at 22°C (I, 0 mg/ml ethanol; 2, 100
mg/ml ethanol) and in 1 M Tris-HCI (pH 7.4) at 22°C (3, 0 mg/ml ethanol;
4, 100 mg/ml ethanol).

3P NMR

3P NMR can differentiate among certain physical phases
of phospholipids. Notably it can distinguish between the
nonbilayer inverted hexagonal phase and the bilayer
phases (Yeagle, 1990). Because the Prodan fluorescence
spectrum of DEPE in the inverted hexagonal phase was
similar to the spectrum in DPPC in the interdigitated
phase, it was necessary to determine whether the DPPeth
and DMPeth were in the inverted hexagonal phase or a
bilayer phase. 3>'P NMR can readily distinguish between
these possibilities.

Fig. 10 shows the NMR spectra of DPPeth and DMPeth
in Tris-HCI, and DEPE in water. Fig. 11 shows the NMR
spectra of DPPC in water without ethanol and with 100
mg/ml ethanol at several temperatures. The spectra of all of
the lipids except DEPE at 70°C are consistent with a bilayer
structure. The spectrum of DEPE at 65°C (Fig. 10 C) is
consistent with the well-established conversion of this lipid
to the inverted hexagonal phase at high temperature (Cullis
and De Kruijff, 1979; Veiro et al.,, 1989; Seddon, 1990;
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FIGURE 9 Emission spectra of Prodan fluorescence in DMPeth MLV.
(A) Effect of ethanol on the emission spectra of Prodan fluorescence in
DMPeth in 0.5 M NaCl at 15°C (I, 0 mg/ml ethanol; 2, 100 mg/mi
ethanol). (B) Effect of ethanol on the emission spectra of Prodan fluores-
cence in DMPeth in 50 mM Tris-HCl (pH 7.4) at 15°C (, 0 mg/ml ethanol;
2, 100 mg/ml ethanol).

Yeagle, 1990). As shown in Fig. 11, the spectra of DPPC in
the presence and absence of ethanol show that the 3'P NMR
spectrum is relatively insensitive to the various bilayer
phases including the interdigitated gel phase. These data
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FIGURE 10 3'P-NMR spectra of multilamellar vesicles of (A) DMPeth

in 50 mM Tris-HCI (pH 7.4); (B) DPPeth in 50 mM Tris-HCI (pH7.4); (C)
DEPE in water; at different temperatures, as indicated.
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FIGURE 11 3'P-NMR spectra of multilamellar vesicles of (4) DPPC in

water; (B) DPPC in water with 100 mg/ml ethanol at different tempera-
tures, as indicated.

rule out the possibility that DMPeth and DPPeth exhibit
nonbilayer behavior.

DISCUSSION

We have investigated the physical properties of two rep-
resentative phosphatidylethanols, DPPeth and DMPeth,
using DSC, fluorescence, and 3lp NMR. Our results
demonstrate the unusual properties of these lipids, par-
ticularly a tendency to become interdigitated under cer-
tain conditions. The conditions under which each lipid is
interdigitated are slightly different. Both lipids become
interdigitated in the presence of Tris-HCI, behavior
similar to that of DPPG (Wilkinson et al., 1987). For
DMPeth, full interdigitation occurs at S0 mM Tris-HCI;
for DPPeth, the data suggest that only partial interdigi-
tation occurs at this concentration; however, at 1 M
Tris-HCI, interdigitation appears to be complete. The
addition of ethanol also increases the interdigitation of
DPPeth in 50 mM Tris-HCl1. With 0.5 M NaCl as solvent,
both lipids become interdigitated in the presence of 100
mg/ml ethanol. The interdigitation of DMPeth occurs
more readily than for DPPEth. The phase behavior of
these lipids was studied by two methods, and there are
some differences in the details of results from the two
methods that are discussed in detail below.

DSC

In our studies DSC was used for the investigation of the
thermodynamic properties of the negatively charged phos-
pholipids DPPeth and DMPeth. The results demonstrate that
the thermotropic behavior of both phosphatidylethanols
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strongly depend on the ionic strength and the presence of
large cations in the solution. The effect of cations on the
structure of anionic phospholipids has been the subject of
several earlier investigations (Epand and Hui, 1986; Hauser,
1984; Maggio et al., 1987; Wilkinson et al., 1987). For both
DPPeth and DMPeth the main melting transition occurs at a
higher temperature in water than in higher ionic strength
solutions. QELS measurements on the vesicles show that in
water, the vesicular structure is unstable, and the vesicles
become smaller as a function of cycling through the phase
transition. Similar instability at low ionic strengths has been
reported for phosphatidylglycerol (Epand and Hui, 1986;
Hauser et al., 1986). It is suggested that at low ionic
strengths the charge repulsions create the potential for high
enough curvature to seal the edges of disks or shells. This
results in instability in extruded vesicles, and a decrease in
the cooperativity of phase transitions. In the presence of
NaCl or Tris-HCI, the transitions of both lipids become
more cooperative, and the temperature of the transition for
both lipids approach that of the corresponding PC; for
LUVET, the vesicle size is stable also. The melting tem-
perature behavior for both DMPeth and DPPeth suggests
that both of these lipids occur in the interdigitated gel phase
under certain conditions. Based on previously reported cri-
teria for interdigitation in DPPC, the large hysteresis ob-
served in Figs. 4 B and 5 B for DMPeth and Fig. 5 A for
DPPeth are characteristic of interdigitation (Rowe, 1985;
Rowe and Cutrera, 1990; Boggs et al., 1989). For DMPeth
it appears that in NaCl, interdigitation occurs in the presence
of ethanol, beginning at ~50 mg/ml ethanol. In the presence
of Tris-HCl, DMPeth exhibits large hysteresis at all con-
centrations of ethanol, including no ethanol, suggesting that
Tris-HCI alone is sufficient to cause interdigitation in this
lipid. For DPPeth, in NaCl there is a slight inflection in the
melting temperature as a function of ethanol concentration,
and no hysteresis; the lack of hysteresis does not rule out
interdigitation, but it indicates that if there is interdigitation,
the kinetics of reformation of this phase on cooling in these
solvent conditions is not slow as it is in the other lipids
studied. In Tris-HCI, the transition temperature of DPPeth
exhibits an inflection and hysteresis beginning at ~50
mg/ml ethanol, consistent with the induction of
interdigitation.

%P NMR

To determine whether DMPeth or DPPeth could exist in a
nonbilayer phase, 3'P NMR experiments were performed.
The ruling out of nonbilayer phases was necessitated by the
finding that inverted hexagonal phase DEPE exhibits Pro-
dan spectra similar to interdigitated DPPC. These *'P NMR
spectra show that these lipids are in a bilayer phase, and
there is no evidence for the nonbilayer inverted hexagonal
phase. The small spike in some of the higher temperature
spectra suggests the presence of a small amount of small
vesicles. The line shape is not the same as that of DPPC,
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suggesting a more restricted headgroup motion (Yeagle,
1990). Previous NMR studies of phospholipids with short
alkyl headgroups, including DPPeth, showed that the line
width was a function of the length of the alkyl chain
(Browning, 1981).

Prodan fluorescence

Prodan fluorescence was used to further investigate the
structure of DPPeth and DMPeth. Prodan is a fluorescence
probe sensitive to the polarity of its environment, and it has
been widely studied (Zeng and Chong, 1995, 1991; Chong
et al., 1989; Rottenberg, 1992; Chong, 1988). In various
membranes in the liquid crystalline phase it exhibits various
appearances that have been interpreted as showing varia-
tions in the polarity and/or the probe locations in these
membranes (Rottenberg, 1992). In the gel phase, it has been
shown that there is a major change in the spectrum of
Prodan in DPPC when it undergoes the ethanol-induced
transition to the interdigitated phase (Zeng and Chong,
1991). This change has been shown to be attributable to a
change in the partitioning of Prodan into the lipid, although
these authors suggest that some redistribution of the loca-
tion of Prodan in the interfacial region may also contribute
to the large spectral change (Zeng and Chong, 1995).

Previous studies of Prodan fluorescence in gel phase
lipids have not included phosphatidylethanolamines or
phosphatidyl glycerol. Our results show that the spectra in
DPPG have similar characteristics to those in DPPC, in both
interdigitated and noninterdigitated gel phases, although
there are some minor differences. However, although in
DEPE (Fig. 6 B) the spectrum in the gel phase is also similar
to DPPC in the noninterdigitated gel phase, at 70°C, where
this lipid is known to be in the inverted hexagonal phase
(Cullis and De Kruijff, 1979; Veiro et al., 1989), the spec-
trum is very similar to that in DPPC in the interdigitated
phase (Fig. 6 A). This suggests that Prodan interacts differ-
ently with the interfacial region of this inverted hexagonal
phase, or it does not partition well into this phase. The
similarity of the Prodan spectrum in these two phases shows
that the use of Prodan to identify the interdigitated phase
must be combined with other methods, because the inter-
digitated spectrum is not unique. In the case of the Peths,
we have ruled out the nonbilayer phase by *'P NMR, so it
is valid to interpret the Prodan spectra in terms of
interdigitation.

Fig. 7, A and B showing the Prodan spectra in DPPG in
a variety of solvent conditions, confirms and extends the
validity of this method of diagnosing interdigitated gel
phases. It has been shown by x-ray diffraction that DPPG is
interdigitated in the presence of Tris-HCI (Wilkinson et al.,
1987). The spectra of Prodan in Fig. 7 B are consistent with
this, except that there is a shoulder at 435 in the Tris-HCI
spectrum that is not present in the interdigitated DPPC
spectrum. The effects of ethanol on DPPG have not previ-
ously been reported. The data of Fig. 7, A and B suggest that
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ethanol enhances the ability of DPPG to become interdigi-
tated, but may not induce full interdigitation at 100 mg/ml
ethanol. However, it is possible that the DPPG is completely
interdigitated, but that Prodan does not behave exactly the
same in DPPG as it does in DPPC (see discussion below).
The shoulder at 435 nm in Fig. 7 B, under conditions where
x-ray diffraction indicates full interdigitation, supports this
possibility.

The results of the Prodan study on the Peths support the
conclusion that both DPPeth and DMPeth are interdigitated
under certain conditions, in light of the NMR data that rule
out the nonbilayer phase. For DPPeth in 0.5 M NaCl, the
conversion to interdigitation is complete in 100 mg/ml
ethanol, with spectral changes very similar to those in
DPPC. This is consistent with the DSC results if the kinetics
of the transition are rapid in this solvent. In the presence of
Tris DPPeth appears to be partially interdigitated in the
absence of ethanol, becoming nearly completely interdigi-
tated at 100 mg/ml ethanol. If the Tris-HCl concentration is
increased to 1 M, then the spectrum appears fully interdig-
itated, and there is no further change when ethanol is added.

For DMPeth, there are some qualitative differences com-
pared to DPPeth. In 0.5 M NaCl, the addition of ethanol
leads to a spectral change similar to that of DPPG, in which
the intensity is decreased and the resulting spectrum has
peaks at both 435 and 507 nm, suggesting only partial
interdigitation. In Tris-HC], the spectrum still has two
peaks, although with a shift toward the higher wavelength
peak, and there is no further effect of ethanol on the spec-
trum. The DSC results indicated that DMPeth is fully in-
terdigitated in Tris alone, with no further effects of ethanol.
The Prodan spectra would be consistent with this interpre-
tation if Prodan does not behave in the same way with
DMPeth as it does with DPPeth and DPPC. For example,
the spectral shape in Fig. 9 B could occur if Prodan retains
significant partitioning into DMPeth in the interdigitated
phase. The behavior of Prodan in DMPeth is similar to that
in DPPG in Tris-HCI (Fig. 7 B) which is known from x-ray
diffraction to be interdigitated (Wilkinson et al., 1987).

Our results on the spectra of Prodan in four different
lipids in several phases under a variety of solvent and
temperature conditions demonstrate the variability of these
spectra as a function of small differences in conditions.
These spectra are also very sensitive to Prodan/lipid ratio
and total lipid concentration. These variations are due in
part to changes in the partitioning of Prodan between the
aqueous solvent and the lipid, which may be affected not
only by lipid phase structure and chemical structure, but
also by the solvent composition. The spectra are probably
also affected by small changes in the polarity of their
location when they are bound to the lipid. These consider-
ations demonstrate the potential usefulness of Prodan for
detecting small variations in lipid properties, but they also
demonstrate the caution that must be exercised in interpret-
ing changes in Prodan spectra, particularly in more complex
biological systems. The finding that DEPE in the nonbilayer
inverted hexagonal phase gives the same Prodan spectrum
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as DPPC in the interdigitated phase also demonstrates the
value of using more than one method to diagnose lipid
structures.

Lipid interdigitation mechanisms

Our results provide strong evidence that DPPeth and
DMPeth form the interdigitated gel phase in the presence of
Tris-HCI buffer, and that ethanol enhances the formation of
this phase. The Peth headgroup structure is similar to that of
DPPG, in that it is negatively charged, and relatively small;
DPPG also becomes interdigitated in the presence of Tris-
HCI (Wilkinson et al., 1987). In the study of DPPG it was
suggested that the large cation Tris causes interdigitation by
binding between the headgroups of the lipid, creating an
increased area per headgroup, which then allows interdigi-
tation to take place (Wilkinson et al., 1987). It was found
that the presence of sodium ions reduced the capability of
Tris to induce interdigitation, presumably by replacing the
large Tris cation with small cations. We have shown for the
first time that ethanol enhances interdigitation in DPPG. It
appears to induce partial interdigitation in the presence of
0.5 M NaCl; however, in view of the uncertainty about
Prodan partitioning in this particular lipid, complete inter-
digitation under these conditions is not ruled out. For
DPPeth and DMPeth, the mechanism of the induction of
interdigitation by Tris is probably similar to that for DPPG.
The role of ethanol in facilitating interdigitation in DPPG
and the Peths is probably similar to that in DPPC of inter-
acting in the interfacial region, and reducing the undesir-
ability of exposing the terminal methyl groups to the aque-
ous interfacial region.

Our results on DMPeth and DPPeth indicate that DMPeth
has a greater tendency to become interdigitated than does
DPPeth. This is opposite to the behavior of the PCs in
ethanol in which the longer the chain length, the greater the
tendency to become interdigitated (Rowe, 1983; Nambi et
al., 1987). In the case of the PCs, the increased stabilization
of the interdigitated phase by increased chain length is
attributed to the tighter packing of the acyl chains in the
interdigitated phase compared to the noninterdigitated rip-
pled phase or the L phase (Simon et al., 1986). This
consideration suggests that the packing contribution may be
less significant in the Peths, or that the packing effects favor
the noninterdigitated phase. There are no data available on
the chain length effects on the interdigitation of PG.

The induction of interdigitation in DPPC by ethanol has
been attributed to the combined effects of a large headgroup
that forces a tilted gel phase, and the binding of alcohol to
reduce the undesirability of exposing the terminal methyls
to the aqueous phase in the interdigitated phase (Nambi et
al., 1988). A similar mechanism may be occurring in DPPG,
in which charge repulsions lead to tilted acyl chains in the
regular gel phase (Wilkinson et al., 1987). The interdigi-
tated structure relieves the headgroup repulsions by its
larger area per headgroup. The presence of ethanol also

Biophysical Journal

Volume 71 September 1996
increases the tendency of DPPG to become interdigitated by
reducing the unfavorable effects of exposing the terminal
methyls to the aqueous phase. The similar behavior of the
Peths suggests that they may also have tilted acyl chains in
the gel phase. Further elucidation of the structure of the
Peths can be addressed by x-ray diffraction.

Biological considerations

Phosphatidylethanol is a unique, anionic phospholipid
formed in cell membranes only in the presence of ethanol.
The discovery of Peth in the brains of ethanol-treated rats
(Gustavsson and Alling, 1987; Kobayashi and Kanfer,
1987) and the finding that phospholipase D is a component
of signal transduction cascades (Bocckino et al., 1987; Pai
et al., 1987) raises the possibility that this may be one of the
ways through which ethanol affects the function of the brain
and other organs. It has been shown that in the presence of
ethanol the signal transduction via phospholipase D is
changed and Peth is formed. Thus ethanol may lead to
functional disturbances in receptor systems where phospho-
lipase D is the dominating pathway for cell signaling. How-
ever, receptor-induced Peth formation is mainly located in
plasma membranes (Gelas et al., 1989). High activity of
phospholipase D has also been found in the synaptosomal
membrane (Kobayashi and Kanfer, 1987), and in an axo-
lemma preparation from rat brain (De Vries et al., 1983).
The formation and accumulation in cell membranes of this
unusual negatively charged phospholipid may induce
changes in membrane-associated processes, especially pro-
tein-lipid interactions, and also affect membrane properties
such as surface charge.
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