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We have developed a new spectroscopic method (excimer method) for dclccun;, the interdigitated gol phasc (Lm) in

phospholipid vesicles. This method is based on the disappearance of an cxcimer fl

peak of p

(pyrcnc—PC) in lhc L‘,l phaxc Usm; this method we have studied the phase tansition from gel phase (L) to Ly, phase of

cthanol and EG, a sharp decreas
the same concentration of the tra

vesicles in the presence of ethanol or ethylene glycol (EG). In both the cascs of
in the ratio of excimer to monomer fluorescence intensity (E /M) of pyrene PC appeared at
ition from L. to L, as determined by the X-ray diffraction method or the scanning density

method. After the transition to the Ly, phase, E/M values became very low. This excimer method enakles us to detect the Ly

phasc in unil; llar vesicles of phospholipid

Introduction

Recently, interdigitated structures in phospholipid
membranes have been studied and have attracted much
attention [1]. In this structure, lipid molecules from
opposing monolayers are fully interpenetrated or inter-
digitated and the terminal of the alkyl chain faces
aqueous phase. In the presence of ethanol [2-4], ethyl-
ene glycol (EG) [5), and under high pressure [6), multi-
lamellar vesicles (MLV) of phosphatidylcholine (PC)
can form the interdigitated gel phase (Ly, phase). In
order to detect and study the interdigitate gel struc-
ture, X-ray diffraction and neutron diffraction have
been used extensively. However. these methods cannot
be applied to the d of the i digitated gel
structure in unilamellar vesicles, owing o iheir low
sensitivity.

Abbreviations: DPPC. 1.2-dipalmi h I
MLV, multitamellar vesicle: DOPC, l2 dnulmyl :-u-phmpluudyl»
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chain bilayer gel phase: Ly, interdigitated gel
ratio of excimer to monomer fluorescence intenisity: EG, ethylenc
glycol; pyrenc-PC, 1-palmitoyl-2-py i
choline.
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which can hardly be studicd by other methods such as X-ray diffraction,

The ultimate purpose of this work was to develop a
new, highly scnsitive spectroscopic method (excimer
method) to detect the Ly, phase in unilamellar phos-
pholipid vesicles and to study the phase transition
between Ly, phase and L phase. The excimer method
is based on the spectroscopic properties of a fluores-
cent pyrene probe. The emission spectra of pyrene and
its derivatives typically show two components: one is
due to the excited pyrene monomer A* and the other,
at longer wavelengths, is attributed to the excited dimer
(excimer) (AA)* formed on the collision of an excited
monomer A* with a ground-state pyrene A. The ratio
of the excimer to monomer fluorescence intensitics
(E/M) is proportional to the collision frequency of
pyrenes [7.8). In this report, we present the new ex-
cimer method and examine it in studies of ethanol- or
EG-induced Ly, phase in the MLV of DPFC.

Materials and Methods

1,2-Dipalmitoyl-L-a-phosphatidylcholine (DPPC)
and 1,2-dioleoyl-L-a-phosphatidylcholine (DOPC) were
purchascd from Sigma Chemical Co. 1-Palmitoyl-2-
pyrenedecanoyl-L-a-phosphatidylcholine  (pyrene-PC)
was purchased from Molecular Probes Inc. Ethanol
and EG were purchased from the Wako Chemical Co.
The molecular structure of pyrene PC is shown in Fig,
1(a) (inset).



MLVs were prepared by adding the appropriate
amounts of Pipes buffer (10 mM Pipes (pH 7.5), 140
mM NaCl) to the dry mixture of DPPC (or DOPC) and
pyrene-PC. Then the mixture was heated for 10 min at
50°C (20°C for DOPC). During the incubation time,
the suspension was vortexed several times for 0.5 min.
Ethanol or EG solution was added to the preformed
MLYV solution, and the mixture was incubated at S0°C
for 1 h (ethanol) or 2 h (EG) to attain equilibrium.

For fluorescence measurements, a Hitachi F3000
spectrofluorimeter was used. The excitation wave-
length of pyrene-PC was 347 nm and emission wave-
lengths were 376 nm for monomer fl and
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their time g for 0.5 min. E; spectra weic
average ones of four measur . The c ra-
tions of DPPC in the for the of

fluorescence were 74 uM. X-ray diffraction data were
recorded using a position-sensitive proportional counter
method as described before [5]. The concentrations of
lipid were determined by phosphate analysis [9].

Results and Discussion

An emission spectrum of DPPC MLV containing
pyrene- -PC i ls shown in Fig. 1(a). There is a large peak

481 nm for excimer flnareccence. Excitation bandpass
and emission bandpass were 3 nm and 1.5 nm, respec-
tively. The ratio of excimer to monomer fluorescence

of around 481 nm. In 15% (w/v)
ethanol (Fig. 1(b)), the peak of excimer fluorescence
almost disappeared and the monomer peak intensity
increased to 2.6- umes that in the absence of ethanol.

intensities (E/M) was calculated. The fluor
intensities for calculation of E/M were obtained by

The fluc ratio (E/M) was plotted as
a function of ethanol concentration. As shown in Fig.
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Fig. 1. Emission spestea for pyrenc-PC in the DPPC MLV in the absence of ethanol (a) and in 15% (w/v) ethanol (b) at 23°C. Excitation
wavelength was 347 nm. The pyiene-PC concenlr.mon was 2.8 mo!% of the amount of total lipid. The inset in (a) shows a structural formula of

1 itoyl-2.
P Y

{pyrene-PC).
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Fig. 2. Ratio of excimer to monomer fluorescence intensities (£/M)

of pyrene-PC in DPPC MLV in the various conventrations of ethanol.

E/M was at 23°C as explained in ials and Meth-

ods. The pyrene PC concentration was 4.} moite {0), 2.8 mol% (a)
and 1.4 mol% (O) of the total amount of fipid.

2, irrespective of pyrene-PC concentration, the E/M
value at 23°C decreased sharply at 4.5% (w,/v} ethanol.
This concentration was almost equal to that of the
transition from L. to L, (C,) at 23°C, determined by
the scanning density meter (C, = 4.5%) [10]. The re-
peating period (spacing) of DPPC MLV at 23°C rapidly
decreased from €5 A to 50 A around 4.6% (w/v),
which indicated the phase transition from Ly to Ly,
phase as discussed in detail in the previous paper [5},
Above 12% (w/v) ethanol, there was no peak of ex-
cimer, although there was a residual small fiuorescence
intensity at 481 nm due to the monomer fluoresceace.

High concentration of EG also induced the Lg
phase in DPPC MLV. A temperature-EG concentra-
tion phase diagram: was determined by use of the X-ray
diffraction method {S). The value of E/M at 19°C was
plotted as a function of EG concentration (Fig, 3). A
sharp decrease in E/M began at 33% (w/v) EG,
irrespective of pyrene-PC concentration. This EG con-
centration corresponds to that of the transition from
Lg: to L, (C, = 33%) at 19°C obtained from the phase
diagram in the previous paper [5].

As a control experiment, interactions of DOPC MLV
with ethanol or EG were investigated using this ex-
cimer method. DOPC MLV shewed its main transition
at —22°C, and was in the liquid crystalline phase at
room temperature. Therefore, ethanol or EG cou'd not
induce Ly, phase. In accordance with this fact, the
E /M value at 18°C did not show a shasp decrease, but
increased gradually with an increase in ethanol concen-

tration (Fig. 4). In the case of EG, E/M values did not
change below 48% (w/v).

In both the cases of ethanol and EG, the onset
concentrations of the sharp decrease of E/M cotre-
sponded to the transition concentration from Ly to
L. After the transition, the monomer intensity is
twice as large as that in the absence of ethanol (or EG)
and E/M values became very low, showing the reduc-
tion of the excimers in the MLV. Supposing that the

duction of the occur by ing pyrene
PC molecules from the in Ly, phase, most
of the molecules would exist in the aqueous phasc. In
the case of Figs. 2 and 3, the resulting concentrations
of the pyrene-PC in the aqueous phase could be 1-3
1M, which are higher than the critical bilayer concen-
tration (cbc) for pyrene-PC (1.5-1077 M) [11). E/M
values of MLV composed for 100% pyrene-PC were
measured at 17°C in the absence of ethanol and in
15% (w/v) ethanol as 48( +7) (concentration range of
pyrene-PC is from 0.33 pM to 13 M) and 3.4(+0.3)
(from G.05 uM to 17 uM), respectively, which shows
good agreement with the value of Somerharju et al.
[12). The above consideration and the experimental
results suggest that the pyrene-PC molecules expelled
from the membrane into the aqueous phase could form
bilayer membranes and could show the E/M values of
34 in 15% (w/v) ethanol. Our experimental values
(E/M=0.24) were much smaller than 3.4, which
excludes the possibility of expelling pyrene-PC
molecules from the MLV in the Ly, phase.
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Fig. 3. Ratio of excimey to monomer fluorescence intensties (E /M)
of pyrene-PC in DPPC MLV. in the various concentrations of EG.
E/M was determined at 19°C as explained in Materials and Meth-
ods. The pyrene-PC concentrations were 4.1 mol% (o) and 1.4
mol% (D) of the total amount of lipid.
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Fig. 4. Ratio of excimer to monomer fluorescence intensities (E/M)

of pyrene-PC in DOPC MLV in the various concentrations of

ethanol and EG. E/M was determined at 18°C as explained in

Materials and Mcthods. The pyrene-PC concentration was 2.8 mol%
of the total amount of lipid. Ethanol (0) and EG (01).

Structural change during the transition from L. to
L, may account for the reduction of the E/M value.
An excimer is formed when an excited pyrene molecule
collides with a ground-state pyrene molecule under the
condition where their aromatic rings are oriented par-
allel to each other and most of the areas of two pyrene
rings are superposed [7,8]. In gel-state DPPC bilayers,
the pyrene-PC molecules form small clustzrs, which do
not consist of pure pyrene-PC but of aggregates of
pyrene-PC and DPPC [12]. The cluster formation ex-
plains that E/M values in gel state are much higher
than that expected from a diffusion-controlled process
[7). As shown in a structure model (Fig. 5(a, ¢)), two
pyrene molecules attached to the hydrocarbon chain
can easily collide with each other in L. phase. On the
other hand, in L, phase, a pyrene molecule of DPPC
uaisiing on viie side of monolayer of L. cannot collide
with other pyrene molecules on the opposite side, even
when they are next to each other, because of the
mismatching of two pyrene rings shown in Fig. 5(b).
Thereby, in LB, phase, the effecuve pyrene concentra-
tion in the is reduced to half pared with
the L,,, phase. Considering that the E/M value is
proportional to the pyrene concentration [7,8,13], it is
evident that the E/M value of L, phase is about half
that of L, phase.

However, our E/M value after the transition were
less than 10% of the original value before transition.
This discrepancy could be explained by the structural
model (Fig. 5(c, d)) on the basis of the slow diffusion of
the lipids in the gel phase. Experiments of surface
isotherm of the neat pyrene PC monolayer indicated
that the pyrene moiety did not appreciably infl
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represents an alkyl chain of the lipid whose head group
is in front of the paper (figure) and a closed circle
represents an atkyl chain of the lipid whose head group
is behind the paper. According to this model, in one
dimension (e.g. horizontal direction in Fig. 5(d)) pyrene
raolecules of pyrene-PC cannot collide with other
pyrene molecules on the same side by interstition of
DPPC (or pyrene-PC) molecules on the opposite side,
because of the low diffusion coefficient of lipids in gel
phase. This effect may reduce E/M values from a half
of that in Ly, phase to very low values. From a two-di-
mensional point of view, there remains a possibility
that two pyrenedecanoyl chains come to a neighbering
position and make an excimer. However, this possibil-
ity is very much more unlikely than that of excimer
formation in L. phase, as discussed above. Therefore,
in Ly, phase, pyrene molecules can hardly collide with
each other and. as a result, there are very few ex-
cimers.

As shown in Fig. 4, E/M of the DOPC MLV did
not sharply decrease, corresponding to no transition to
L phase. In the case of ethanol, E/M values in-
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Fig. 5. Diagrammatic representation of the structure of L. phase (a
and b) and Lg, phase (b snd d). (a) and (b) are one-dimensional, and
(c) and (d) are i ions. In (a)
and (b). a small rectangle represents a pyrene molecule attached a

the packing properties of the alkyl chains [12]. Thereby,
we assume that the alkyl chains of phosphollpxds form
ak | lattice. The two-di ar
of the phospholipid molecules in a bilayer
of the gel phase MLV in Fig. 5(c) is based on the
model of Hatta et al. [15]. In Fig. 5(c, d), an open circle

chain of lipid. In (c) and (d), each dumbbell indicates a
phospholipid molecule; a circle denotes the average cross-section of
the alkyl chain of the lipid and the bar connecting the two circles
denotes both the glycerol backbone and the polar head group. A
double circle represents a pyrenedecanoyl chain. An open circle and
a closed circle represent an alkyl chain of the lipid whose head group
is in front of the paper and that whose head group is behind ths
paper, respectively.
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creased gradually with an increase in concentration. it
is well known that ethanol increases the membrane
fluidity in low concentrations, like other anaestheti:
molecules [14]. Increase in membrane fluidity increases
E/M values because the excimer formation is a diffu-
sion-controlled process in the liquid crystalline phase
)

A fluorescence meikod for detecting phase transi-
tion of DPPC using 1,6-diphenyl-1,3,5-hexatricne
(DPH) was developed by Nambi et al. [4], The fluores-
cence intensity of DPH in the DPPC MLV was re-
duced by over 50% when the L, to L, transition
occurred, showing low sensitivity. By this DPH method,
the transition may be detected by the change of fluo-
rescence intensity, but there arc many factors involved
in the reduction of fluorescence intensity and, more-
over, L, phase cannot be distinguished from other
phases by the DPH fluorescence intensity alone. On
the other hand, the excimer method using pyrene-PC
enables us to distinguish between the Ly phase and
other phases by observing the excimer peak.

In both the cases of ethanol and EG, at low concen-
trations below that of the transition, a small decrease
in E/M values was observed. The penetration of
ethanol (or EG) into the membrane surfacc may cause
the decrement of collisions between pyrene rings.

We are now studying the indr<tion of L phase in
unilamellar vesicles of DPPC by ethanol (or EG) and
the properties of this phase transition using this ex-
cimer method (Yamazaki et al., unpublished results).
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