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The effect of the interaction of gramicidin (GA) with lysophosphatidylcholine (LPC) on
the change in lipid structure upon heat incubation was revealed by differential scan-
ning calorimetry (DSC) and fluorescence spectroscopy. DSC showed a large endother-
mic transition in both pure LPC micelles and GA-containing LPC micelles after
prolonged heat incubation at 70°C. To elucidate this behavior, fluorescence spectra of 1-
anilinonaphthalene-8-sulfonate embedded in LPC micelles were measured. About 40% of
the resultant LPC micelles was found to be transformed into the interdigitated gel
structures after prolonged heat incubation. On the other hand, intrinsic fluorescence
spectra of GA-containing LPC micelles caused a blue-shift of the emission maxima with
incubation time, suggesting that tryptophans near the C-terminus of GA moved into a
more apolar environment. In addition, GA-containing LPC micelles caused quenching of
fluorescence with incubation time, due to the interaction between GA molecules. To
determine the location of GA in LPC membranes, surface pressure was measured using
the mixed monolayers composed of GA and LPC. The result suggests that GA molecule is

localized by interdigitating the C-terminal part of adjacent to acyl chain of LPC.
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Lipid-protein interactions are generally assumed to play
decisive roles in the structure and function of biological
membranes. Therefore the interaction between, in particu-
lar, intrinsic membrane proteins and lipids is a subject of
considerable interest. Gramicidin (GA), a hydrophobic lin-
ear pentadecapeptide produced by Bacillus breuis, interacts
with membrane lipids, affecting the stability of the mem-
brane bilayer and the formation of membrane-spanning
channels, which are known to be organized preferably in a
NH,-terminal to NH,-terminal p83-helical dimer stabilized
by hydrogen bonding. GA also acts as a defense mechanism
against Gram-positive bacteria, forming ion channels in the
cellular membranes of these competitors that create an
influx of sodium and potassium ions that destroys the cell
(1). As an antibiotic, GA has also found use in topical oph-
thalmic preparations and in treatment of burn patients
and has recently been proposed as an anti-HIV antiviral
agent (2)

Lysophosphatidylcholine (LPC), which can be found in
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most cellular membranes, 1s known to cause many unique
effects in biological systems. LPC can also modulate the
function of membrane proteins, e.g., inward rectifier potas-
sium channels, voltage-dependent sodium channels, and
Na*,K*-ATPase (3). In recent years, LPC has been sug-
gested to potentiate the activation of protein kinase C by
the second messenger diacylglycerol, and thus may play a
crucial role in cell proliferation and differentiation (¢). LPC
itself, with a relatively large hydrophilic moiety, virtually
organizes in micellar structures, and the hydrophobic core
is markedly larger than that of other surfactants (5). It has
been shown by ¥'P-NMR and freeze-fracture electron mi-
croscopy that heat-induced association of GA with LPC mi-
celles results in the formation of a bilayer structure and
that the ability of GA to transform the LPC structure from
mucelle to bilayer 1s explainable in terms of molecular pack-
ing mechanisms (6, 7). Furthermore, in terms of the shape-
structure concept of polymorphism, it has been suggested
that a location of the C-terminus of GA in the interior of
the lipid bilayer (8, 9). In contrast, it has been reported that
heat incorporation of GA into LPC results in formation of
bilayers in which the GA is present as N-terminal linked
dimers and thus has the C-terminus at the bilayer/water
interface (10, 11). In this way, there are up to now the two
opposing opinions.

On the other hand, for LPC such as palmitoyllysophos-
phatidylcholine (12), stearoyllysophosphatidylcholine (13,
14), arachidoyllysophosphatidylcholine (15), and egg yolk
lysophosphatidylcholine (16, 17) in excess water, it has
been well established that a transition from the micellar
phase to an interdigitated gel phase (LBI) takes place on
incubation at low temperature. In this LI, each long acyl
chain spans the entire hydrocarbon width of the bilayer
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and interacts laterally with the long acyl chain of lipid mol-
ecules from the opposing lamellar leaflet. Interestingly, it
has been demonstrated that saturated phospholipids such
as dipalmitoylphosphatidylcholine (DPPC), which are nor-
mally in a bilayer gel phase (L"), can also form LBI phase
in the presence of various water-soluble organic solvents
such as ethanol, acetonitrile, acetone, and tetrahydrofuran
(18-20). The biological significance of the LBI phase in cells
and other biological organs remains unknown. However, if
the LBI phase really exists in biological membranes, inves-
tigation of the induction and the stability of this phase
could be considered a very useful method to elucidate the
mechanism of the interaction between substances and the
membrane interface (21).

In this report, we first investigated the effects of heat
incubation on the transition from micelle to LBI structure
in LPC with or without GA by means of differential scan-
ning calorimetry (DSC). We also investigated the location of
GA in LPC membranes upon heat incubation by means of
fluorescence spectrometry. Finally, we investigated the
interaction between GA and LPC in membranes by means
of surface pressure measurements

MATERIALS AND METHODS

Materials—Gramicidin A’ (refer to GA) was purchased
from Sigma (St. Louis, MO) and was a natural mixture of
80% gramicidin A, 15% gramicidin C, and 5% gramicidin B
(amino acid residue 11 is Trp, Tyr, or Phe, respectively).
1-Palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine  (16:0-
LPC) (99% pure) and 1,2-dipalmitoyl-sn-glycero-3-phospho-
choline (DPPC) (+93% pure) were purchased from Sigma
1-Anilinonaphthalene-8-sulfonic acid (ANS) and L-a-lyso-
phosphatidylcholine from egg yolk (LPC) were from Sigma.
The LPC contained 66% palmitic, 25% stearic, 6% oleic,
and 1% linolic acid at position 1, with an average molecular
weight of 504 (22). All of the solvents and other reagents
were of the highest purity available, and used without fur-
ther purification.

Differential Scanning Calorimetry (DSC)—DSC was per-
formed with 16:0LPC because of the inequality of the acyl
chain length of LPC from egg yolk. The samples of pure
16:0LPC or mixtures of GA and 16-:0LPC for DSC measure-
ments were prepared as described by Zhang et al. (23).
16:0LPC and variable amounts of GA (GA:16:0LPC ratio
1:6-1:50) were codissolved in methanol or trifluoroethanol,
then aliquots of the solutions (50 ul) were transferred to
70-ul volatile aluminum sample pans, and the solvent was
completely evaporated at 70°C in vacuo for 1 h to give a
thin, homogeneous films. Subsequently, each sample was
hydrated 1n a pan with 50 pl of water, sealed immediately,
then sonicated with bath-type sonifier (Branson Model Son-
icator, Yamato) at 30°C for 1 h. The final concentration of
16:0LPC in all samples was 20.2 mM. Subsequently, the
samples were followed by incubation at 70°C for 20 h. DSC
measurements were carried out in a DSC 120 (Seiko Elec-
tric) equipped with a thermal-analysis data station, cali-
brated with indium. All samples were scanned at the
heating rate of 1°C-min. Each part of the experiment was
repeated at least three times and then averaged.

Fluorescence Spectroscopy—Fluorescence spectra were
recorded with a JASCO FP-720 spectroflucrometer with a
thermostatically controlled cuvette holder at a temperature
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of 30 = 0.5°C. The excitation and emussion bandwidths
were set at 10 nm. The organizations of LPC structure
upon heat incubation were examined by monitoring the
fluorescence spectra of ANS as a probe. LPC and GA/LPC
(molar ratio of 1.25) were each dissolved in methanol, fol-
lowed by removal of the solvent by evaporation and drying
at 70°C wn vacuo for 1 h to give a thin, homogeneous film.
The film was hydrated with an aqueous ANS solution, then
sonicated with a Bath-type sonifier under nitrogen at 30°C
for 1 h, forming suspensions that gave concentrations of
GA, ANS, and LPC in the system of 10, 25, and 250 pM, re-
spectively. All preparations were incubated at 70°C for the
desired periods, then aliquots were taken from the reaction
system and quickly cooled to 30°C, thereby virtually stop-
ping the reaction. Excitation wavelength was set at 350
nm. Each measurement was corrected for the background
scattering signal from the LPC micelles alone.

Intrinsic fluorescence spectroscopy was performed with
GA-containing LPC dispersions. GA-containing LPC dis-
persions were prepared by the same method as for the
above-described systems without ANS. The concentrations
of GA and LPC were 10 and 250 pM, respectively. For mea-
surement of the tryptophans of GA, excitation wavelength
was set at 280 nm. To elucidate the relationship between
the wavelength at emission maximum and the polarity of
surrounding tryptophan, the fluorescence spectra of GA
dissolved in various organic solvents were measured.

Surface Pressure Measurements—GA and 16 0LPC were
dissolved 1n methanol at a concentration of 0.05%, and the
solutions were stored in a refrigerator for about 24 h before
use. For mixed monolayers, mixtures were obtained by ap-
propriate volumetric mixing of the two solutions before
application, The apparatus (type HBM-AP, Kyowa Interface
Science) used for measuring the surface pressure has
already been described in detail elsewhere (24) Monolayer
spreading was performed by the direct application of
numerous small drops (100 pl) of the above solutions onto
the surface of water A time interval of 30 min was allowed
for the monolayer to reach equlibrium before it was com-
pressed Before compression, the surface pressure of the
monolayers did not exceed 0.2 mN-m™ without interaction
between the components. The surface pressure-area (m-A)
isotherms were obtained by using a compression velocity of
0.0567 m*mg'smin! at 25°C

Surface Tenswon Measurement—To determine the critical
micelle concentration (CMC) of 16:0LPC, surface tension
was measured at 25°C using a Wilhelmy balance, which
was made by modification of a chemical balance.

RESULTS

Calorimetric Behavior of GA Incorporated into 16 OLPC
Mucelles upon Heat Incubation—Figure 1 shows calorimet-
ric scans of pure 16:0LPC and GA-containing 16:0LPC
micelles without heat treatment. The scan of pure 16.0LPC
micelles exhibited single exothermic transition around
65°C. This transition is probably attributable to aggrega-
tion, since nonionic surfactants including 16:0LPC become
more hydrophobic at higher temperatures (25). On the
other hand, the heating scans of GA-containing 16:0LPC
micelles exhibited both endothermic and exothermic transi-
tions at temperatures of around 64 and 70°C, accompanied
by an increase in the endothermic peak and a decrease in
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the exothermic peak with increasing GA. However, the cal-
orimetric characteristics were drastically altered after pro-
longed heat incubation. Figure 2 shows calorimetric scans
of the pure 16:0LPC and GA-containing 16:0LPC micelles
after 20 h of heat incubation at 70°C. The pure 16:0LPC as
well as GA-containing 16-0LPC exhibited a broad endother-
mic transition around 66°C. However, these characteristics
were markedly different from the gel-to-lamellar transition
occurring in phospholipid bilayers, with a positive change
in heat capacity around the transition temperature. To con-
firm this behavior, calorimetric measurement was made
with a cholesterol-contaiming 16.0LPC (1:1), which has
been demonstrated to be organized in LBI by X-ray diffrac-
tion and *'P-NMR (26, 27). This showed that the calorimet-
ric scan was very similar to that of the pure 16:0LPC (data
not shown). Assuming that lipids adjacent to peptide do not
participate 1n the transition and that the transition can
only broken down 1nto contributions from free lipid compo-
nents, the following equation is obtained (29-31).

AH = AH“(I —Né) 6

where AH is the measured transition enthalpy, AH" the
value for the pure lipid system, I/L the molar peptide-to-
lipid ratio, and N the number of lipid molecules withdrawn
per peptide regarded as boundary lipid, which is motionally
restricted by interaction with the peptide. The inset to Fig.
2 shows plots of AH of the 16:0LPC phase transition as a
function of the molar ratio of GA to 16:0LPC. From the
mtersection with the abscissa, the number of immobilized
16:0LPC molecules was found to be about four per GA mol-
ecule, consistent with other reports (8, 32).

ANS Fluorescence Spectra in Pure LPC and GA-Contain-

+— Endothermic

40 50 60 70 80 80

Temperature (°C)
Fig. 1. Calorimetric scans of pure 16:0LPC and GA-contain-
ing 16:0LPC micelles without heat treatment. Each sample
was prepared as described 1in “MATERIALS AND METHODS.” All
samples were scanned at the heating rate of 1°C min! All represen-
tative curves are displayed at constant concentrations of 16-0LPC
(20.2 mM) but with the following different relative molar ratios of
GA to 16 OLPC. Curves 14 correspond to 0,0 02, 0.04, and 0.08, re-
spectively
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ing LPC upon Heat Incubation—In principle, a micellar
solution of LPC is attractive because it provides an opti-
cally clear solution, which is prerequisite for fluorescence
spectroscopy. ANS embedded in a lipid environment gives
rise to a hyperchromic effect and to an increased fluores-
cence intensity (33). Preliminary experiments revealed that
the fluorescence intensity of ANS in methanol was linearly
related with the concentration and remained unaltered
after prolonged heat incubation (data not shown). Then, the
time-course of the ANS fluorescence spectra in the LPC dis-
persions was measured to clarify whether LPC adopts 1n an
LBI structure during heat incubation. Figure 3 shows the
changes in the ANS fluorescence spectra in the pure LPC
and GA-containing LPC micelles during heat incubation.
To ascertain the effect of inequality of the acyl chain of egg
LPC (mostly 16:0 and 18:0), the time-course of the ANS flu-
orescence spectra in 16:0LPC alone was also measured.
The result was nsignificant difference The initial emission
maximum in either LPC emerged at 492 nm, accompanied
by a slight red-shift during heat incubation. However, after
20 h of heat incubation at 70°C, the intensities of the pure
LPC and GA-containing LPC were reduced to 85% and
77% of the imitial intensity, respectively. On the other hand,
the intensity in DPPC vesicles was considerably less than

+«— Endothermic
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Fig 2 Calorimetric scans of pure 16:0LPC and GA-containing
16:0LPC micelles after 20 h of heat incubation at 70°C. Each
sample was prepared as described 1n “MATERIALS AND METH-
ODS” All samples were scanned at the heating rate of 1°C min™ All
representative curves are displayed at constant concentrations of
16.0LPC (20 2 mM) but with the following different relative molar
ratios of GA to 16.0LPC. Curves 14 correspond to 0, 0.02, 0 04, and
0 08, respectively The 1nset depicts plots of transition enthalpy, AH,
of the 16.0LPC phase transition as a function of the molar ratio of
GA to 16.0LPC Values are means*=SE of the three experiments.
From the intersection with the abscissa, the number of immobilized
16 OLPC molecules was found to be about four per GA molecule.
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that of either LPC, and remained unaltered even after pro-
longed heat incubation (data not shown). The inset in Fig 3
shows time-dependence of the fluorescence intensity at the
maximum emission for the pure LPC and GA-containing
LPC. Rate constants were found to be 0 293 and 0.506 h!
for pure LPC and GA-containing LPC. This indicates that
the transition from micelles to the LBI structure in LPC is
markedly accelerated by incorporating GA. In addition, the
ANS fluorescence intensity in GA-containing LPC prior to
heat incubation (¢ = 0) was less than that of the pure LPC,
suggesting that a part of LPC was already transformed
into the LBI structure in preparing the micelles.

Intrinsic Fluorescence Spectra of GA Incorporated into
LPC upon Heat Incubation—GA has four tryptophan resi-
dues near the C-terminus as a fluorophore. Figure 4 shows
changes 1n intrinsic fluorescence spectra of GA incorpo-
rated into LPC dispersions upon heat incubation. The emis-
sion maximum of GA-containing LPC prior to heat
incubation appeared at 335 nm. On the other hand, the
emission maximum of GA-containing DPPC vesicles ap-
peared at 332 nm with significant fluorescence quenching
(data not shown). The result suggests that GA molecules in
DPPC vesicles interact with each other. It has been re-
ported that the emigsion maxima of GA in dioleoylphos-
phatidylcholine vesicles is 332 nm and the average location
of the tryptophan residues of GA channels is in the vicinity
of lipid-water interface, estimated to be about 1.4 nm from
the center of the bilayer (34). On the other hand, the emis-
sion maxima of GA-containing LPC shifted progressively to
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Fig 3. Changes in the ANS fluorescence spectra embedded in
pure LPC (solid curves) and GA-containing LPC (dashed
curves) with heat incubation time at 70°C. Each sample was
prepared as described in “MATERIALS AND METHODS.” All repre-
sentative spectra are displayed at constant concentrations of GA (10
uM), ANS (25 pM), and LPC (250 pM). From top to bottom depicted
spectra correspond to heat incubation after 0, 1, and 10 h at 70°C, re-
spectively Fluorescence spectra were recorded at 30°C. Excitation
was at 350 nm The nset shows time course of the relative fluores-
cence intensity at the emission maxima for pure LPC (a) and GA-
containing LPC (o) The solhid and dashed curves are single exponen-
tial least-squares fits to the experimental data. Rate constants were
found to be 0293 and 0506 h for pure LPC and GA-containing
LPC
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the blue with incubation time, eventually approaching 331
nm, which was close to that of GA 1n 1-octanol with dielec-
tric constant of £ = 10. These results imply that the tryp-
tophans move into a more apolar environment upon heat
incubation. However, the spectrum of GA-containing DPPC
vesicles remained unaltered even after 20 h of heat incuba-
tion at 70°C, resulting in an emission maximum approxi-
mately 2 nm longer than that of GA-containing LPC mi-
celles after prolonged heat incubation. The inset in Fig. 4
shows plots of fluorescence intensity against incubation
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Fig 4 Changes in intrinsic fluorescence spectra of GA incor-
porated into LPC micelles with heat incubation. Each sample
was prepared as described 1n “MATERIALS AND METHODS ™ All
representative spectra are displayed at constant concentrations of
GA (1 uM) and LPC (25 pM) Dipicted spectra correspond to heat in-
cubation after 0, 1, and 20 h at 70°C, respectively Fluorescence spec-
tra were recorded at 30°C Excitation was at 280 nm The 1nset
shows the time course of the relative fluorescence intensity at the
emussion maxima (0) The sohd curve 18 single exponential least-
squares fits to the experimental data The rate constant was found
to be 0 461 h!

Surface Pressure (mN/m)
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Fig 5 7-A isotherms for monolayers of gramicidin (dash-dot-
ted curve), 16:0LPC (dotted curve), and the binary mixture
(1:1 mol/mol) of gramicidin and 16:0LPC (solid curve), on a
subphase of water at 25°C. Surface pressures were measured as
described in “MATERIALS AND METHODS.” The dashed curve re-
presents the behavior found when the additavity rule 1s obeyed be-
tween the two components.
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Fig 6 Plots of mean area of 16:0LPC-gramicidin as a func-
tion of mole fractions (X) of gramicidin at 25°C at constant
surface pressures. Symbols (0) and (¢) correspond to the areas at
10 and 30 mN m!, respectively The dashed lines represent the be-
havior found when the additivity rule 1s obeyed between the two
components Values are means*SE of the three experiments

time. The rate constant was found to be 0.461 h-!.

Interaction of GA with 16-0LPC at the Air/ Water Inter-
face—Figure 5 shows the w-A isotherms obtained at 25°C
for monolayers of GA, 16:0LPC, and the mixtures of the
two at different mole fractions spread on water. The shape
of the compression isotherm of GA monolayer is consistent
with other reports (30, 35). The area occupied when the
curve for the condensed state is extrapolated to m = 0 corre-
sponds to the cross-sectional area of the molecule. The re-
sultant area occupied by GA was approximately 1.6 nm?
molecule™, showing that GA in the state of B®3-helcal
monomer was oriented with its long axis perpendicular to
the air/water interface and arranged in a two-dimensional
hexagonal lattice (30, 36) On the other hand, pure 16:0-
LPC monolayer occupied an area of about 0.7 nmZmole-
cule™!, implying that 16:0LPC forms the monolayer in an
expanded liquid crystal (37).

Treatment of data involved adapting the theory of mix-
ing n bulk to a two-dimensional situation. For ideal mix-
ng, monolayers obey the following equation (38):

Ap=nA, +nA, @
where A , 15 the average molecular area in the two-compo-
nent film, n, and n, are the respective mole fractions, and
A, and A, are the molecular area in the two single-compo-
nent films at the same surface pressure. If no interaction
takes place between the two components, Eq. 2 is obeyed.
Figure 6 shows plots of the area of mixed monolayers com-
posed of GA and 16:0LPC at constant surface pressures (10
and 30 mN-m™) as a function of the mole fraction of GA in
the monolayer. Comparison of the expected theoretical line
for ideal mxang with the experimental plots indicates that
when GA was mixed with 16:0LPC, a negative deviation
from ideal mixing occurred at the surface pressure of 30
mN-m™,
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DISCUSSION

From the present work, the critical micelle concentration
(CMC) for 16:0LPC in water was found to be 7.6 uM by
means of surface tension measurement. This CMC value is
extremely low compared with other natural surfactants
(39), resulting in a complicated phase behavior for LPC. It
has been demonstrated that LPC undergoes a transition
from micellar to bilayer structure upon heat incubation
when GA is incorporated into LPCs (16:0 and egg yolk) (6-
9), while it is uncertain that the presence of GA is indis-
pensable for forming the bilayer structures of LPC. Prior to
heat incubation, the DSC scan for the pure 16 OLPC exhib-
ited a single exothermic peak due to micellar aggregation.
On the other hand, GA-containing 16:0LPC showed both
an exothermic and an endothermic peak (Fig. 1). The en-
dothermic peak may be attributable to association of GA
with 16:0LPC, in part resulting in the formation of bilayer
structures. However, after prolonged heat incubation, both
pure 16:0LPC and GA-containing 16:0L.PC showed a large
endothermic transition around 67°C with a large positive
change 1n heat capacity (Fig. 2). This behavior 1s obviously
different from the transition of gel-to-liquid crystal in LPC
with high cooperativity at a low temperature (13, 40). This
is also similar to the thermal denaturation processes of pro-
teins rather than the gel-to-lamellar transition of phos-
phatidylcholines. Concerning the heat capacity change of
lipids, Blume (41) has emphasized that hydrophobic hydra-
tion of apolar parts such as acyl chains of lipids makes posi-
tive contributions to the total heat capacity because of
entropic effects.

It is generally considered that LPCs with saturated long
acyl chains can aggregate to form LI structures at low
temperature for an extended period (12-17). X-ray diffrac-
tion analysis has also shown that the chain length asym-
metry greatly influences the packing properties of the acyl
chains in the bilayer gel phase, and depending upon the
degree of asymmetry, the lipids adopt noninterdigitated
structures (e.g., 18:0/18:0PC), mixed interdigitated phases
(e.g., 18:0/10:0PC), or fully interdigitated phases (e.g., 18:0-
LPC) to compensate for the chain length asymmetry at low
temperatures (42). On the other hand, Nambi et al. (43)
have shown by using X-ray diffraction and fluorescence
spectrometry that the ethanol-induced transition from 1§’
to LBI structure in DPPC is strongly temperature-depen-
dent, with higher temperature favoring LBl phase, demon-
strating that the LB’ to LBI transition is induced by heat-
ing. The major structural changes in the phase change from
LB’ to LBI are the exposure of the terminal methyl groups
from the opposing side of the lamella to water in the inter-
facial region, with a concomitant increase in area per head-
group, and an increase in the van der Waal’s contacts in the
acyl chain region due to a change in packing. Recently, by
using the concept of the y parameter, Kinoshita and Yama-
zaki (20, 44) have proposed a mechanism for the induction
of LBI phase. The y parameter is an interaction energy
parameter, which can describe well the thermodynamic
properties of macromolecules in solvent.

x=AGR ke T ®)

where AG is the free energy increase associated with the
contact of segments with solvent, or a free energy decrease
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associated with the contact between segments, x; and T are
Boltzmann constant and absolute temperature, respective-
ly. In addition, Shah et al. (42) have proposed that highly
asymmetric 1-stearoyl-2-acetyl-phosphatidylcholine under-
goes the following structural changes with increasing tem-
perature: L3" —» LI - La — micelle.

Therefore, we deduce the following. After prolonged heat
incubation, LPC mucelles may be transformed into La
structures, where appreciable moieties of acyl chain of LPC
tend to be in contact with water. If the ¥ parameter of the
terminal methyl group of alkyl chain of LPC has a small
value after prolonged heat incubation, LPC would be trans-
formed into La structures, although the details of this
transformation are unclear. On the other hand, it has been
found that the LB’ to LBI transition is thermally irrevers-
ible, and after incubation of the sample overmight at low
temperature the heating transition is restored, suggesting
that the reverse reaction is very slow (43). Therefore, upon
subsequent cooling, the LPC after prolonged heat incuba-
tion will be maintained 1n the LBI structure. In regard to
the DSC, LPC micelles without heat treatment may merely
undergo aggregation of micelles with increasing tempera-
ture, because the heating period for DSC is markedly
shorter than the heat incubation process. In contrast, the
LPC organizations after prolonged heat incubation will
undergo the transition from L8I to La structures during
the heating scan. Therefore, the LPC after prolonged heat
treatment may undergo a large endothermic transition
with a large positive change in heat capacity.

To further elucidate the LPC organization upon heat
incubation, fluorescence measurements were made with
LPC micelles in which ANS was embedded. Upon heat in-
cubation, the ANS fluorescence intensity in LPC decreased
with time (Fig. 3). On the other hand, the ANS fluorescence
intensity in DPPC vesicles was considerably less than that
of either LPC and remained unchanged even after pro-
longed heat incubation. To detect L8I, the fluorescence
spectrometry using 1,6-diphenyl-1,3,5-hexatriene (DPH)
(43, 45) and the excimer method using pyrenephosphatidyl-
choline (18-20) have been developed. The fluorescence
intensity of DPH decreases when the phase transition from
LB’ to LBI structures occurs. The change in fluorescence
intensity is due to a greater exposure of this fluorophore to
the aqueous solvent due to proximity to the interfacial
region of the hpid (28, 43). In contrast, the fluorescence
wntensity of ANS used in the present work showed the
opposite behavior. This discrepancy may be attributable to
the difference in the location (depth) between the two fluo-
rescent probes in membranes. DPH is located 0.6-0 8 nm
from the bilayer center, deep within the bilayer (46), while
ANS is located 1.6-1.8 nm from the bilayer center, well
within the polar head group region, being oriented with the
charged sulfonic acid group anchored at a shallow location,
and its non-polar aromatic portion extending toward the
hydrophobic carbon part of the bilayer, predominantly re-
siding in the interfacial region (47). This is the reason why
ANS tends to bind to the LBI phase and micelles but
hardly binds to the L8’ phase, while DPH shows the oppo-
site behavior. In either case, the ANS fluorescence quench-
ing in LPC is most likely to be caused by the liberation of
ANS molecules toward water phase when the micellar-to-
LBI transition occurs.

From Fig. 3, it is suggested that the rate of the transition
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from micelles to the LBI structure in LPC 18 markedly
accelerated by incorporating GA into LPC micelles. After
prolonged heat incubation, ANS fluorescence intensity in
the pure LPC was obviously larger than in GA-containing
LPC, implying that LPC micelles are insufficiently trans-
formed into LBI structures. In addition, the initial intensity
of the pure LPC is taken 1n the 100% micelles and the equi-
librium intensity of GA-containing LPC systems after pro-
longed heat incubation is likely to correspond to 100% LI
structure (see Fig. 3). Based on this assumption, it is esti-
mated that the proportions of LBI structures in GA-con-
taining LPC prior to heat incubation and after 20 h of heat
incubation are 49 and 100%, and those in the pure LPC are
0 and 40%.

In the present work, the emission maxima of GA-con-
taining LPC membranes were shifted to shorter wave-
lengths with fluorescence quenching upon heat incubation
(Fig. 4). The localization of GA molecules in the LPC mem-
branes may be elucidated by measuring intrinsic fluores-
cence of tryptophans of GA incorporated into LPC, because
the fluorescence spectra are sensitive to both solvent polar-
ity and lipid environment (48). In general, a lowering of
polarity brings both a considerable increase in fluorescence
intensity and blue-shift 1n emission maxima (49). When
tryptophan residues move into a more hydrophobic envi-
ronment in membranes, the emission maxima are shifted
to shorter wavelengths and the fluorescence intensity
increases (50) On the other hand, it has been shown that
the fluorescence quenching of GA is caused by a stacking
interaction between tryptophan residues (48) Further-
more, Hao et al. (51) have found that GA in the L8I phase
produces a blue-shift of the maximal emission of 2.8 nm for
the La phase, which means that the inderdigitation pro-
vides a more hydrophobic environment for GA. From the
above behaviors, we make the following deductions.

Prior to heat incubation, the emission maximum (335
nm) of GA-containing LPC micelles was at longer wave-
length than that (332 nm) of GA-containing DPPC vesicles,
in which GA was present as N-terminal linked dimers with
the C-terminus at the bilayer/water interface (Fig. 4). This
suggests that the GA molecule is likely to be oriented with
the C-terminus at the lipid/water interface in the mono-
meric form. Upon heat incubation, the emission maxima of
GA-containing LPC micelles were shifted to shorter wave-
length with fluorescence quenching This implies that LPC
will organized in the bilayer structure with the C-terminal
part of GA shifted into the interior of the bilayer, resulting
in the formation of C-terminal linked dimer, which induces
fluorescence quenching. Therefore, after prolonged heat
incubation, the fluorescence spectra of GA-containing LPC
will undergo a blue-shift and a decrease in intensity.

To obtain more detailed information on the location of
GA in LPC membranes, surface pressure measurements
were performed. As shown in Fig. 6, the mixed monolayer
of GA and 16:0LPC showed a considerable contraction at
high surface pressure (30 mNem). Such a condensing
effect has been found in the mixed monolayer of GA and
phosphatidylcholine, probably due to hydrophobic interac-
tion between them (35, 52). However, the hydrophobic
interaction between GA and LPC is likely to be weaker,
because the number of lipid molecules immobilized by GA
in 16:0LPC bilayers has been found to be considerably less
than in phosphatidylcholine bilayers: only four 16:0LPC
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per GA (see inset to Fig. 2), as compared with 20 phosphati-
dylcholines per GA (30, 53). With compression, the GA mol-
ecule would be oriented with its C-terminus toward the
subphase, because this is energetically favorable (33). In
contrast, it has been suggested that acylated GA, which is
covalently coupled to the C-terminal ethanolamine group
by fatty acid, is oriented with its N-terminus toward the
subphase at lugh surface pressures (32). This suggests that
the orientation with C-terminus of GA toward the sub-
phase is not absolute. Alternatively, the relatively large
polar group of lysophosphatidylcholine molecule relative to
its hydrophobic chains gives 1t a “conical” appearance,
allowing the molecules to pack into mucellar or cylindrical
geometries (40). GA has also a conical shape due to the
presence of the four bulky tryptophans near the C-termi-
nus. When GA is mixed with LPC in the condensed mono-
layer, GA would be preferentially oriented with its N-ter-
minus toward the subphase, leading the mterdigitation of
its C-terminal part of adjacent to acyl chain of LPC, due to
the concept of shape-structure. In this way, the mixed
monolayer of GA and LPC could lead to the occurrence of
contraction at high surface pressure.

In conclusion, LPC is organized preferentially in the
micelles, but the transition from micelles to L3I structures
in LPC organizations is caused by prolonged heat incuba-
tion GA causes the lowering of the activation energy of the
transition from micelles to LBI structures.

The skillful technical assistance of Ms Yukako Iwakura 1s grate-
fully acknowledged
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