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ABSTRACT: Through steady-state and time-resolved fluorescence experiments, the polarity of the bilayers
of egg phosphatidylcholine vesicles was studied by means of the solvatochromic 2-anthroyl fluorophore
which we have recently introduced for investigating the environmental micropolarity of membranes and
which was incorporated synthetically in phosphatidylcholine molecules (anthroyl-PC) in the form of 8-
(2-anthroyl)octanoic acid. Fluorescence quenching experiments carried out with V,N-dimethylaniline and
12-doxylstearic acid as quenchers showed that the 2-anthroyl chromophore was located in depth in the
hydrophobic region of the lipid bilayer corresponding to the Co—Cy¢ segment of the acyl chains. Steady-state
fluorescence spectroscopy revealed a nonstructured and red-shifted (\j2* = 464 nm) spectrum for the probe

in egg-PC bilayers, which greatly differed from the structured and blue (A\J;* = 404 nm) spectrum the
fluorophore was shown to display in n-hexane. While the fluorescence decays of the fluorophore in organic
solvents were monoexponential, three exponentials were required to account for the fluorescence decays of
anthroyl-PC in egg-PC vesicles, with average characteristic times of 1.5 ns, 5.5 ns, and 20 ns. These lifetime
values were independent of the emission wavelength used. Addition of cholesterol to the lipid did not alter
these 7 values. One just observed an increase in the fractional population of the 1.5-ns short-living species
detrimental to the population of the 20-ns long-living ones. These observations enabled time-resolved
fluorescence spectroscopy measurements to be achieved in the case of the 1 /1 (mol/mol) egg-PC/cholesterol
mixture. Three distinct decay associated spectra (DAS) were recorded, with maximum emission wavelengths,
respectively, of 410 nm, 440 nm, and 477 nm for the 1.5-ns, 6-ns, and 20-ns lifetimes found in this system.
On account of the properties and the polarity scale previously established for the 2-anthroyl chromophore
in organic solvents, these data strongly suggest the occurrence of three distinct excited states for anthroyl-
PC in egg-PC bilayers, corresponding to three environments for the 2-anthroyl chromophore, differing in
polarity. The lifetime of 1.5 ns and the corresponding structured and blue (A\;;* = 410 nm) DAS account
for a hydrophobic environment, with an apparent dielectric constant of 2, which is that expected for the
hydrophobic core of the lipid bilayer. The lifetime of 5.5 ns indicates a more polar surrounding corre-
sponding to an ¢ value around 2-20, the origin of which has still to be elucidated. In organic solvents, a
lifetime of 20 ns was detected in the presence of water only. In egg-PC bilayers, this long lifetime, associated
with a nonstructured and red-shifted (AJ2* = 477 nm) DAS, is suggested to account for interaction of the
fluorophore with water molecules which diffuse across the bilayer. Inconnection with the dynamics of lipids
in bilayers, these observations are discussed with regard to the permeability of lipid bilayers to water and
its modulation by cholesterol and to the potential of the probe for investigating the polarity of membranes
and their permeability to water.

Phospholipids take their ability to organize in the form of
a bilayer in water from their amphiphilic structure. Froman
energetic viewpoint, this assembly is stabilized by a lattice of
various dipolar and hydrogen bond forces of interaction
between the polar head groups, including the water molecules
of solvation, and by the hydrophobic effects which force the
fatty acyl chains to aggregate (Tanford, 1973). The acyl
chains form a hydrophobic core which is expected to have a
low polarity. Thus, macroscopic approaches yield dielectric
constant values around 2—4 for this region of the lipid bilayer,
which are comparable to those found in alkanes (Tocanne &
Teissi€, 1990). The polar head group region, including the
ester functions on the glycerol backbone, represents an
interface between this hydrophobic region and the bulk of the
water phase, with measured dielectric constant values in the
range 1045, greatly depending on the technique used (To-
canne & Teissié, 1990). This transition region corresponds
toa very stiff gradient of polarity since the dielectric constant
increases from its value of 2 in the hydrophobic core up to its

* To whom correspondence should be addressed.

value of 80 in water over a distance probably less than 1 nm
(Flewelling & Hubbell, 1986; Tocanne & Teissié, 1990). X-
ray and neutron diffraction data have enabled the hydrophobic/
hydrophilic boundary in lipid bilayers to be located near the
first CH, groups of the acyl chains (Knott & Schoenborn,
1986; Scherer, 1989; Simon & MclIntosh, 1986; Wiener et al.,
1991; Worcester & Franks, 1976). The hydrophobic core is
responsible for the barrier properties lipid bilayers exhibit
against the diffusion of water, solutes, and ions. However, it
has long been recognized that, in artificial membranes, the
lipid bilayer is not strictly impermeable to water (Bittman &
Blau, 1972) and to small solutes like glycerol and sugar
molecules (Demel et al., 1968, 1972). In particular, water
exchanges rapidly between the exterior and the interior of
lipid vesicles (Bittman & Blau, 1972; Finkelstein & Cass,
1968; Milon et al., 1986; Schuler et al., 1991; Trauble, 1971),
implying the presence of water molecules within the hydro-
phobic core of the lipid bilayer. It has also been suggested
that transient hydrogen-bonded chains of water molecules
may account for the abnormally high conductivity of lipid
bilayers to protons (Deamer & Brambhall, 1986; Deamer &
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FiGURE 1: Chemical structure of anthroyl-PC and its insertion in a phospholipid bilayer.

Nichols, 1989; Nagle, 1987). It is clear that if the acyl chain
region can be considered as being essentially hydrophobic in
nature, an appreciation of its “polarity” will depend on the
techniqueused. X-rayand neutron diffraction are macroscopic
techniques which, in their very principle, cannot detect a few
ill-localized water molecules, if present, in the hydrocarbon
core of the bilayer. In contrast, the use of molecular probes
is certainly one of the best suited approaches for scrutinizing
membranes in terms of environmental micropolarity. An
attempt to describe the shape of the hydrophobic barrier of
phospholipid bilayers using electron spin labels has been
reported (Griffith et al., 1974). In the same way, steady-
state and time-resolved fluorescence spectroscopy can provide
very interesting and complementary information on the
polarity and dynamics of any medium, provided that well-
suited and solvatochromic probes are available. Inthisrespect,
we have recently introduced the 2-anthroyl chromophore in
the form of the 8-(2-anthroyl)octanoic acid (Pérochon & To-
canne, 1991) as a probe of polarity, because of the remarkable
fluorescence properties it displays (Pérochon et al., 1991).
Indeed, and owing to the presence of a keto group which is
a hydrogen bond acceptor and which can conjugate with the
aromatic ring so as to provide the chromophore with a high
dipole moment, the fluorescence properties of the probe greatly
depend on the polarity of the surrounding medium. Very
large changes in Stokes shift, fluorescence lifetime, and
quantum yield values are observed when going from hydro-
phobic to polar surroundings, and the effects of protic and
aprotic solvents can easily be differentiated.
Phosphatidylcholine labeled with 8-(2-anthroyl)octanoic
acid has been synthesized (anthroyl-PC,! Figure 1), and its
phase properties and miscibility with other lipids have been
carefully investigated (Pérochon & Tocanne, 1991). In the
configuration used, where the aromatic rings and the poly-
methylenic chainlie along the same axis, anthracene was shown
to be only slightly disturbing for the surrounding lipid phase

! Abbreviations: anthroyl-PC, 1-acyl-2-[8-(2-anthroyl)octanoyl]-sn-
glycero-3-phosphocholine; 2-AP, 2-AS, 3-AS, 6-AS, 9-AS, 12-AS, and
16-AP, n-(9-anthroyloxy) fatty acids where n = 2, 3, 6,9, 12, or 16; A,
anthroyloxy; P, palmitic acid; S, stearic acid; DMA, N,N-dimethyl-
aniline; DPH, 1,6-diphenyl-1,3,5-hexatriene; egg-PC: egg yolk phos-
phatidylcholine; POPOP, p-bis(5-phenyl-2-oxazolyl)benzene.

and anthroyl-PC was shown to behave like a normal phos-
pholipid, with good miscibility with lipids in the liquid phase
(Pérochon & Tocanne, 1991). These results are similar to
those previously reported for 9-(2-anthryl)nonanoic acid and
corresponding anthrylphosphatidylcholines (de Bony & To-
canne, 1983).

In addition to the already reported potential of anthracene
forinvestigating the lateral distribution (de Bony & Tocanne,
1984; de Bony et al., 1989) and motion (Dupou et al., 1988;
Ferritres et al.,, 1989) of lipids in membranes, the phase
behavior and the quite unique solvatochromic properties of
2-anthroyl-labeled phospholipids make these molecules a
promising tool for studying the polarity of membranes. Before
natural membranes were studied, it was important to get
information first on the polarity of the lipid phase in membrane
model systems. In the present study, and through steady-
state and time-resolved fluorescence experiments, the probe
anthroyl-PC embedded in egg phosphatidylcholine vesicles
reveals the presence of water in the hydrophobic core of the
lipid bilayer, which is modulated by cholesterol.

MATERIALS AND METHODS

Chemicals. Synthesis of methyl 8-(2-anthroyl)octanoate
and corresponding anthroyl-phosphatidylcholine (Figure 1)
has been described (Pérochon & Tocanne, 1991). Egg yolk
phosphatidylcholine was from Sigma Chemical Co. (St. Louis,
MO). POPOP was purchased from Fluka (Buchs, Switzer-
land). N,N-Dimethylaniline was obtained from Prolabo
(Paris, France) and was distilled in the presence of trifluo-
roacetic anhydride before to be used. Cholesterol was from
Merck (Darmstadt, Germany). 12-AS, 16-AP, and 2-AP
were from Molecular Probes Inc. (Eugene, OR). All solvents
used were of spectrographic grade. They were obtained from
Merck and used without further purification.

Lipid Vesicles. They were prepared using the method of
reverse-phase evaporation described by Szoka et al. (1980).

Fluorescence Spectrophotometry. Uncorrected steady-
state fluorescence spectra were recorded with a SLM-Aminco
spectrofluorometer Model 500. Inthese experiments, the ab-
sorbance of the solutions was around 0.05 and never greater
than 0.1. Absorption spectra were recorded with a Perkin-
Elmer Lambda 5 UV /visible spectrometer.
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Fluorescence Lifetime Determinations. Nanosecond flu-
orescence decays were monitored using single photon counting
techniques. Most of the experiments were carried out with
the fluorometer Model 199 from Edinburgh Instrument (Ed-
inburgh, Scotland, U.K.) equipped with monochromators on
both the excitation and emission beams and using a coaxial
flash lamp filled with nitrogen for excitation. An internal
pressure of 1.5 atm and a distance between electrodes of 0.5
mm provided a flash of 1.5 ns width. Experiments were carried
out with a flash repetition rate of 30 kHz. In order to avoid
the color effect of the phototube, the apparatus response
function was obtained after accumulation of the fluorescence
decay of a short lifetime standard (POPOP in ethanol, 7 =
1.35 ns) (Catteral & Duddel, 1983). The excitation wave-
length was set at 337 nm using a monochromator with a slit
width of 10 nm. A cutoff filter (KV 389; Schott, Germany)
was interposed on the emission beam to reduce scattered
excitation light. Decays were recorded over a time range of
200 ns dispatched over the 1024 channels of the multichannel
analyzer. Analysis of the data was performed using a
procedure which will be explained in detail elsewhere (A.
Lopez, submitted for publication). Briefly, and after decon-
voluting the flash lamp profile, fluorescence decays were
analyzed as a sum of a finite number of exponentials using
a least-square algorithm including a ponderation function
accounting for the fact that the noise of photon counting obeys
a Poisson law of distribution. Coupled withstatistical analysis
of the data, this procedure enabled us to calculate, for each
exponential which composes a given fluorescence decay, its
characteristic time 7;and its steady state intensity I;according
to the following equation:

I() = Z; I,/7,exp(~t/7) (1)
i=

with a; = Ii/‘ri-

This approach enables the minimum and maximum values
of these two parameters to be estimated, for a given error risk.
In the following, all 7; and I; values were calculated with an
error risk of 5%.

Fluorescence decays were also obtained in the Laboratoire
d’Utilisation des Rayonnements Electromagnétiques (LURE,
Orsay, France), with an experimental setup coupled to the
powerful pulsed light beam provided by the synchrotron
radiation machine Super-ACO (SA1 window) (Kuipers et
al., 1991). In our experiments, the storage ring provided a
light pulse with a full width at half maximum of ~500 ps,
at a frequency of 8.33 MHz for a double bunch mode.
Bandwidths for excitation and emission were set at 5 nm and
10 nm, respectively. Photon counting was stopped when
around 105 counts were stored in the peak channel of the
fluorescence intensity decay. The instrument response func-
tion was automatically monitored by measuring alternatively
the fluorescence decay and the light scattered by the sample
at the emission wavelength. Analysis of the fluorescence
decays was performed using the maximum entropy method
(Livesey & Brochon, 1987) or the approach described above.

Fluorescence Quenching Experiments. These experiments
were carried out at 20 °C with probe molecules in solution
in organic solvents (dichloromethane, ether, acetone, dimeth-
ylformamide/water, and ethanol/water mixtures) or embed-
ded in egg-PC vesicles. In an organic solvent, probes (2-AP,
12-AS, 16-AP, methyl 8-(2-anthroyl)octanoate) were dissolved
at a concentration of 10-5 M. With lipid vesicles, the
concentration of the probes in the lipids was 0.5% (mol/mol),
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and lipids were dispersed in a 0.1 M phosphate buffer at pH
7.8. Lipid concentration was 5.9 X 10~ M.

Aliquots of the quenching solution (5 uL of a 1.6 M DMA
solution in the organic solvent of reference or 10 gL of a 39
mM DMA aqueous solution at pH 2) were added stepwise to
the various samples (2 mL of an organic solution or lipid
suspension). At each step, and after homogenization ofthe
solution, fluorescence spectra of the probes (Aexc = 340 nm,
Aem = 380-650 nm) were recorded and photon counting
experiments were carried out. The final DMA concentration
was 23 mM in organic solvents and 0.58 mM for experiments
with lipid vesicles.

Time-Resolved Fluorescence Spectra. Experiments were
carried out with a fluorometer Model 199 from Edinburgh
Instrument equipped with a timer (Model 719; EG&G Ortec,
Princeton, NJ) coupled to a motor-driven monochromator on
the emission beam for monitoring the emission wavelength.
The various decay associated spectra (DAS), which are the
fluorescence spectra associated to the various excited states
of the probe in a given sample, were obtained using a procedure
adapted from that published by Knutson et al. (1982).
Experiments consisted in recording first as many time-resolved
emission spectra (TRES) as there are the number x of
fluorescence lifetimes detected for the probe. Then, and using
a set of x linear equations combining the various measured
7; and I; values, each DAS was obtained from the x TRES
by computing, at each wavelength step, the contribution of
each excited state of the chromophore to the photon counting.
A new algorithm was developed in our laboratory, enabling
the computation of five DAS to be carried out.

For TRES recording, the emission wavelength was step-
wise incremented by 0.43 nm. At each step, and via the time
amplitude converter (TAC), the photons emitted between
times t; and ?,, around one of the x lifetimes identified in the
sample under investigation (¢; < 7; < 1), were counted for 1
min and then stored successively in the various channels of
the multichannel analyzer (MCA). Slit widths of 2 nm were
used in the excitation and emission monochromators.

The three TRES shown in Figure 5 for 1 mol % anthroyl-
PC in 1/1 (mol/mol) egg-PC/cholesterol mixtures, were
recorded between 380 nm and 580 nm. Time windows (from
the signal START of the TAC) of 25.8-35.3 ns, 35.7-48.8
ns, and 50-190 ns were used respectively for the three lifetimes
of 1.5 ns, 6 ns, and 20 ns found for the probe in this lipid
mixture. Around 500 counts were accumulated at each
wavelength step in the most populated channel. This was
enough for a correct evaluation of the DAS.

RESULTS

Fluorescence Excitation and Emission Spectra. As men-
tioned in the introduction, the 2-anthroyl chromophore is
endowed with remarkable properties of solvatochromism. Its
fluorescence properties (Stokes shifts, lifetime 7, and relative
quantum yield ¢,) have been carefully investigated in the case
of methyl 8-(2-anthroyl)octanoate, in a large variety of solvents
covering a large scale of polarity (Pérochon et al., 1991).
Briefly, and as shown in Figure 2 and Table I, the fluorescence
of the probe is greatly affected by the polarity of the
surrounding medium. Thus, structured spectra were obtained
in n-hexane (Figure 2a) and in other solvents of low polarity
(benzene, diethyl ether, and ethyl acetate) (Pérochon et al.,
1991). When more polar solvents like dimethylformamide
were used, (Figure 2b), structureless and red-shifted emission
spectra were recorded. The maximum emission wavelength
Aoo® shifted from 404 nm in n-hexane to 448 nm in dimeth-
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FIGURE 2: Normalized fluorescence excitation (- - -) and emission
(—) spectra of methyl 8-(2-anthroyl)octanoate in n-hexane (a), di-
methylformamide (b), dimethylformamide/water (3.9/6.1 mol/mol)
mixtures (c) and of anthroyl-PC (1 mol %) in egg-PC vesicles (d).
Aem Values were 430 nm, 440 nm, 475 nm, and 460 nm, respectively,
for the excitation spectra and A., was 340 nm for the emission spectra.
The temperature was 20 °C.

ylformamide while the lifetime = increased from 0.91 ns to
10.96 ns (TableI). Inaconcomitant way, therelative quantum
yield ¢, increased from 1 to 18.8 (Pérochon et al., 1991).
Addition of water to a solution of the probe in dimethylfor-
mamide resulted in a further bathochromic shift of its
fluorescence emission spectra (Figure 2¢). Extrapolating to
100% water, the data obtained for various dimethylform-
amide/water mixtures led to estimated values of 526 nm for
A, 27 for ¢, and 20 ns for 7 in water (Pérochon et al.,
1991).

It is worth stressing that these very large 7, ¢, and Stokes
shift values, in particular a lifetime of 20 ns, were characteristic
of the probe in interaction with water. This would greatly
facilitate the detection of water in any system.

With these properties in mind, anthroyl-PC was used for
investigating the polarity of bilayers of egg-PC. First, it should
be remembered that anthroyl-PC is miscible with lipids when
in the liquid phase (Pérochon & Tocanne, 1991) and that
egg-PC is a lipid which is in the liquid state at the temper-
ature of 20 °C used for these experiments. As previously
described, the excitation spectra of anthroyl-PC (Figure 2d)
clearly accounts for a random distribution of the probe
molecules within the host lipid (Pérochon & Tocanne, 1991).
A structureless emission spectra was recorded (Figure 2d),
with a maximum emission wavelength AJ2* around 464 nm.
On account of the polarity scale established for the 2-an-
throyl chromophore in organic solvents (Pérochonetal., 1991),
such a high A\J.* value greatly suggests a polar environment
for the probe in the lipid bilayer.

Time-Resolved Fluorescence Spectroscopy. To go further
in this study, fluorescence lifetimes of anthroyl-PC embedded
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in egg-PC vesicles were determined. As shown in Table I,
three exponentials with 7 values around 1.1-2 ns, 5-7 ns, and
20-21 ns were required for a correct description of the
fluorescence decays. This is in contrast to the behavior of the
2-anthroyl chromophore in organic solvents, where very good
fits to decay data were obtained using a single exponential
(Pérochon et al., 1991). In order to confirm the existence of
three discrete excited states for the probe in lipid vesicles,
suggested by these data, the same samples were submitted to
photon counting experiments with the synchrotron machine
in LURE and analyzed using the maximum entropy method
(Livesey & Brochon, 1987). Note that in this approach the
algorithm used first considers a large collection of 150 ex-
ponentials with different r values of equal weight. Attheend
of the computation, it gives the distribution of the ; values
which have to be retained for the best fitting to the decay
data. Three narrow distributions were obtained, with central
7;values of 2.05 ns, 4,71 ns, and 20.06 ns, very similar to those
shown in Table I and determined using three discrete expo-
nentials, as described above.

Interestingly and of great importance for the following,
these r; values of 1.1-2 ns, 5.6 ns, and 20-21 ns remained
unchanged when the fluorescence decays were recorded at
wavelengths of 410 nm, 430 nm, 440 nm, and 450 nm,
indicating that the three lifetimes found for the probe in egg-
PC vesicles were independent of the fluorescence emission
wavelength. As another control experiment, these lifetimes
and the corresponding steady-state intensity I; values were
found to remain unchanged when the probe concentration
was increased up to 5 mol % in the lipid bilayers. This is to
be related to our previous observation of complete miscibility
of anthroyl-PC in egg-PC over the concentration range 0-5
mol % (Pérochon & Tocanne, 1991). In the following and
unless otherwise specified, these three lifetimes will be referred
to as their average values of 1.5 ns, 5.5 ns, and 20 ns, for the
sake of clarity.

Because a lifetime of 20 ns might reflect the presence of
water molecules in the lipid bilayer, it was interesting to test
the influence of cholesterol on the system. As can be seen in
Figure 3, addition of cholesterol to the lipids brought about
a blue shift in the fluorescence emission maximum, with
restoration of a structured spectrum. As shown in Table I
and in Figure 4A, the three lifetimes found for anthroyl-PC
in egg-PC alone remained unchanged. An increase in the
fractional intensity of the 1.5-ns and to a lesser extent of the
5.5-ns short-living species was observed, detrimental to the
20-ns long-living ones. Note that these fractional intensities
were determined at an emission wavelength of 440 nm, where
each of the three decays was found to contribute significantly
to the total fluorescence.

To go further in the interpretation of these results, time-
resolved fluorescence spectra (TRES) were recorded in the
caseof the 1/1 egg-PC/cholesterol mixture. Suchexperiments
could be envisaged because the three lifetimes of 1.5 ns, 6 ns,
and 20 ns are quite different in value, independent of the
emission wavelength, and of similar weight in this system. As
can be seen in Figure 5, three well-differentiated decay
associated spectra (DAS) were obtained for each lifetime: a
blue and structured spectrum for the 1.5-ns short lifetime,
witha A2 of 410 nm and two nonstructured green and yellow
spectra with AZ%" values of 440 nm and 477 nm for the 6-ns
and 20-ns lifetimes, respectively.

These observations point to the existence of three different
excited states for the probe in the lipid bilayers, correspond-
ing to three environments of distinct polarity.
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Table I:

Fluorescence Lifetimes, 7 (ns), and Normalized Fractional Steady-State Fluorescence Intensities, I;, for methyl 8-(2-Anthroyl)octanoate

in n-Hexane [Taken from Pérochon et al. (1991)], Dimethylformamide, and Dimethylformamide/Water Mixtures and for Anthroyl-PC (1 mol

%) in Vesicles of Egg-PC and Egg-PC/Cholesterol Mixtures®

solvent molar ratio Apx Ad n min 7; (ns) 7; (ns) max 7; (ns) I X%
n-hexane 404 430 1 0.8 0.91 1.0 1.0 1.60
DMF 447 460 1 10.41 10.96 11.51 1.0 1.36
DMF/H,0 8.6/1.4 452 460 1 11.41 12.01 12.61 1.0 2.23
6.7/3.3 458 460 1 15.04 15.83 16.63 1.0 1.33
5/5 464 460 1 16.90 17.79 18.68 1.0 2.45
3.9/6.1 475 460 1 18.22 19.19 20.15 1.0 1.09
3.3/6.7 484 460 1 18.29 19.25 20.21 1.0 1.14
2/8 495 460 1 18.64 19.63 20.61 1.0 1.25
1.7/8.3 503 460 1 18.67 19.65 20.63 1.0 1.72
egg-PC vesicles 464 450 3 20.01 21.06 22.12 0.80 1.30
5.35 5.94 6.54 0.18
1.70 2.00 2.30 0.02
egg-PC/cholesterol vesicles 9/1 463 450 3 20.54 21.63 22.71 0.79 1.10
4.74 4.99 5.24 0.17
1.09 1.28 1.47 0.04
8/2 461 450 3 20.15 21.21 2227 0.75 1.10
5.21 5.49 5.76 0.19
1.14 1.34 1.55 0.06
7/3 458 450 3 19.78 20.82 21.87 0.70 1.12
5.08 5.35 5.62 0.23
1.08 1.19 1.38 0.07
6/4 443 450 3 18.33 19.29 20.25 0.63 1.55
4.94 5.26 5.52 0.29
1.02 1.13 1.25 0.08
5/5 438 450 3 18.99 20.00 20.99 0.59 1.22
5.78 6.09 6.39 0.28
1.35 1.50 1.65 0.13

< In all of these experiments, the excitation wavelength was 337 nm. An," is the maximum emission wavelength. Ay is the emission wavelength used
for recording the fluorescence decays. » is the number of exponentials used for fitting to the decay curves. 7 values are given with an error risk of

5%.

Fluorescence intensity, (a.u.)
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FIGURE 3: Normalized fluorescence emission spectra for anthroyl-
PC (1 mol %) in vesicles of egg-PC/cholesterol mixtures, in the molar
ratios 1/10 (—), 7/3 (-+-),and 1/1 (=). Ay was 340 nm, and the
temperature was 20 °C,

Fluorescence Quenching Experiments. A comparative
study of the quenching properties of anthroyl-PC and n-(9-
anthroyloxy) fatty acids (2-AP, 12-AS, and 16-AP) in egg-
PC vesicles, by cupric ions as quenchers, showed that the
2-anthroyl chromophore was buried in the hydrophobic core
of the lipid bilayer. Meanwhile, it appeared that the 2-an-
throyl chromophore was less efficiently quenched by cupric
ions than the 9-anthroyloxy group. It was then important to
confirm this probe location using more efficient quenchers.
Acrylamide, iodide, bromide derivatives, 12-doxylstearic acid,
and N,N-dimethylaniline (DMA) were tested. Only the last
two, and mainly DMA, gave significant quenching rates. For
that reason, experiments were carried out with DMA as

described below and using the following arguments.

First, in neutral and basic media, DMA is deprotonated,
and only the deprotonated form of the molecule can penetrate
lipid bilayers and is active as a fluorescence quencher (Sikaris
et al., 1981). Because of its hydrophobic character and due
tothe orientational and motional anisotropy of the hydrocarbon
phasein bilayers, deprotonated DMA partitions from the water
phase into the lipid phase and accumulates in the region of
high mobility of the acyl chains (Co—C,¢ carbon atom segment),
with a concentration gradient increasing from the hydrophilic
water/lipid interface toward the hydrophobic interior of the
bilayer. This is supported by a theoretical analysis of solute
partitioning into the acyl chains of lipid bilayers (Marqusee
& Dill, 1986) and by quenching experiments carried out with
a set of n-(9-anthroyloxy) fatty acids. These fluorescent
probes, which are located at graded depths in egg-PC bilayers
(Blat & Sawyer, 1985; Thulborn et al., 1979; Villalain &
Prieto, 1991), are quenched by DMA with the increasing order
of efficiency 2-AP < 12-AS < 16-AP (Sikaris et al., 1981).
Control quenching experiments carried out in our laboratory
with DMA and the same probes embedded in the same lipid
led to similar results. On these grounds, one can assume that
fluorescent probes located at the same depth in the lipid bi-
layer would experience the same DMA local concentration
and therefore be quenched to the same extent, of course after
being corrected for their respective quenching constants.

Usually, dynamic fluorescence quenching is accounted for
using the Stern—Volmer equation:

I/1-1 = k7,[Q] )

where I and I are the fluorescence intensities measured in the
presence and in the absence of quencher respectively, &g is the
bimolecular quenching constant, 7o is the fluorescence lifetime
of the chromophore in the absence of quencher, and [Q] is the
quencher concentration (Lakowicz, 1983).
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FIGURE 4: Effect of cholesterol (A) on the fractional fluorescence
intensities /; and (B) on the fractional probe populations correspond-
ing to the three lifetimes of 1.5 ns (X), 5.5 ns (W), and 20 ns (@) found
for anthroyl-PC (1 mol %) in egg-PC vesicles. Data in (A) were
recorded at an emission wavelength of 440 nm where each of the
three decays was found to contribute significantly to the total
fluorescence. Data in (B) were obtained after correcting the three
sets of J, values in (A) by the relative quantum yields values of 2, 10,
and 26 which can be respectively associated to the lifetimes of 1.5
ns, 5.5 ns, and 20 ns (Pérochon et al., 1991). Fractional intensities
and populations were estimated with an error risk of 5%.

This approach is valid only for a fluorescence emission
associated with a single fluorescence lifetime. It does not
apply to anthroyl-PC in egg-PC, where three lifetimes were
observed. In this case, it is preferable to consider the changes
in lifetimes which result from the quenching process, by using

Tio/ Ti— 1 = kgr[Ql 3)

where 7,0 and 7; represent the fluorescence lifetime of the ith
emitting species in the absence and in the presence of quencher,
respectively.

Difficulties can arise if diffusional effects limit the collision
rate between the encounters since, in this case, the fluorescence
decays can no longer be exponential in nature (Lakowicz et
al., 1987). In fact, in all the quenching experiments which
we have carried out with DMA, in organic solvents and in
lipid vesicles, decays remained very well described using one
or a sum of discrete exponentials.

To account for the possibility that the three lifetimes of
anthroyl-PC in lipid vesicles were not necessarily quenched
to the same extent by DMA, control quenching experiments
were first carried out with methyl 8-(2-anthroyl)octanoate
dissolved in ether and acetone and in dimethylformamide/
water 3.9/6.1 (mol/mol) and ethanol/water 7.2/2.8 (mol/
mol) mixtures. These solvents were chosen for their polarity,
in order to obtain lifetimes of 1.5 ns, 5.5 ns, and 20 ns for the
probe and fluorescence emission spectra similar to the three
corresponding DAS in Figure 5. In each solvent system,
fluorescence decays were monoexponential and the correspond-
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FiIGURE 5: Time-resolved emission spectra (a) and decay associated
spectra (b) obtained for the three lifetimes of 1.5 ns (—), 6 ns (- =),
and 20 ns (~) found for anthroyl-PC (1 mol %) in vesicular suspensions
of 1/1 (mol/mol) egg-PC/cholesterol mixtures.

inglifetimes 7 were observed todecrease with increasing DMA
concentration, indicating a predominant collisional quench-
ing process. From eq 2, these quenching data yielded quench-
ing constants kg of 2.5 X 1010 M1 571 in ether, of 2.3 X 1010
M-! 57! in acetone, and of 0.48 X 10'® M-! s-! in dimethyl-
formamide/water and ethanol/water mixtures. Thisshowed
that the 2-anthroyl chromophore was less easily quenched by
DMA when associated with water than when dissolved in
aprotic media.

Addition of DMA to vesicles of 0.5 mol % anthroyl-PC in
egg-PC brought about a decrease in the fluorescence intensity
of the probe, with a blue shift of its emission spectra (not
shown) and a decrease in the three fluorescence lifetimes
(Figure 6).

Because the microviscosity in the bulk of an organic solvent
more than likely differs from that of the hydrocarbon chains
in the bilayer, the diffusion rate of DMA and therefore the
bimolecular rate constant for dynamic quenching are unlikely
to be the same in the two systems. Consequently, the quench-
ing constants k measured for the 2-anthroyl chromophore in
organic solvents are not directly transposable to lipid bilay-
ers. However, they can reasonably be assumed to be similar
in relative values, thus enabling eq 3 to be used to evaluate,
for each DMA concentration in the external water phase, the
local DMA concentration which, in the bilayer, affects each
lifetime. In the following, these local DMA concentrations
in the bilayer will be referred to as “bulk equivalent” DMA
concentrations [BEQ-DMA]’s. Results of these calculations,
carried out using the quenching data of Figure 6 and the
above kq values determined for each lifetime in organicsolvents,
are shown in Figure 7. Within the experimental errors which
are inherent to this type of experiment and which affect more
particularly the short lifetimes and the low quencher con-
centrations, the three lifetimes found for anthroyl-PC in egg-
PC bilayers were affected by similar [BEQ-DMA]’s. Thus,
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FIGURE 6: Changes in the three fluorescence lifetimes of anthroyl-
PC (1 mol %) in egg-PC vesicles, upon addition of N,N-dimethyl-
aniline to the water phase. Lifetimes were 2.2 ns (X), 5.53 ns (M),
and 20.16 ns (@) in the absence of DMA. The pH of the solution
was 7.8, and the temperature was 20 °C. A was 337 nm, and Aen,
was 440 nm.
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FIGURE 7: Relationship between the external concentration of N,N-
dimethylaniline in the aqueous phase and its local or “bulk equivalent”
concentration in the hydrophobic region of egg-PC bilayers containing
1 mol % of anthroyl-PC. Calculations were carried out for the three
lifetimes of 1.5 ns (X), 5.5 ns (M), and 20 ns (@) which characterize
the system and by using eq. 3, with the lifetime values given in Figure
6, and a quenching constant of 2.5 X 101® M-! 57, 2.3 X 1010 M~!
s, and 0.48 X 1019 M-! 5! for the 1.5-ns, 5.5-ns, and 20-ns lifetimes
respectively.

foran external DMA concentration of 0.57 mM, [BEQ-DMA]
values of 9 mM, 7 mM, and 11.6 mM were estimated for the
lifetimes of 1.5 ns, 5.5 ns, and 20 ns, respectively, indicating
a 14-20-fold increase in the DMA concentration in the bi-
layer as compared to in the aqueous phase. Although
underestimated, this value of 20 for the partition coefficient
of DMA in egg-PC vesicles (estimated with respect to the
20-ns lifetime) seems to be quite reasonable. Indeed, the
partition coefficients for a wide variety of anesthetic drugs
and other solutes into bilayers and membranes have been
reported to be 2-15-fold smaller than for the same solutes
into oils (Marqusee & Dill, 1986); we measured a partition
coefficient of 80 for DMA in n-hexane, by equilibration of the
organic phase with a water phase at pH 7.8.
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Finally and as another control experiment, the presence of
10mol % of 12-doxylstearic acid in egg-PC vesicles containing
0.5 mol % anthroyl-PC brought about a 10% decrease in the
fluorescence emission of anthroyl-PC with a concomitant
decrease in the three lifetime values.

This and the above quenching experiments greatly support
the conclusion that the various excited states of anthroyl-PC
in egg-PC bilayers correspond to 2-anthroyl groups buried in
the hydrophobic region of the lipid bilayer and located at the
same depth.

DISCUSSION

Inagreement with our previous data (Pérochon & Tocanne,
1991), the present study shows that anthroyl-PC, when
incorporated at low concentrations (0.5-1 mol %) in egg-PC
vesicles, exhibits nonstructured fluorescence spectra with a
maximum emission wavelength around 464 nm. If one just
looks at this Stokes shift, and according to the polarity scale
previously established for the 2-anthroyl chromophore in
organic solvents, a gy of 464 nm would account for a local
dielectric constant around 35 (Pérochon et al.,, 1991). Such
a conclusion is not that expected on consideration of the
hydrophobic environment that the acyl chains of the host lipid
would normally provide the probe with, and it looks rather
unrealistic.

In fact, the lipid bilayer in the membrane cannot be
considered as a medium with bulk physical properties. It
does not provide an isotropic phase as encountered in the bulk
of organic solvents, but rather an anisotropic phase in which
the acyl chains are aligned perpendicular to the membrane
surface. There is a gradient in molecular motion provided by
the increasing probability of trans—gauche isomerization about
carbon—carbon bonds as the center of the bilayer is approached,
and recent molecular dynamics simulations strongly suggest
that the chain disorder is much bigger than most textbook
pictures of membranes might suggest (Egberts & Berendsen,
1988; De Loof et al,, 1991). This can generate structural
heterogeneities in the lipid structure corresponding to envi-
ronmental micropolarities, and only time-resolved fluorescence
spectroscopy can enable some valid predictions to be made on
the polarity of the probe surroundings. It is also worth
emphasizing that the dielectric constant is a macroscopic
concept which has no unique meaning on the molecular scale
(Flewelling & Hubbell, 1986; Raudino & Mauzerall, 1986).

Whichever the method of analysis used, the fluorescence
decays of the probe in egg-PC vesicles, in both the absence
and presence of cholesterol, were well accounted for using
three discrete exponentials, with corresponding lifetimes of
1.5 ns, 5.5 ns, and 20 ns. These 7 values appeared to be
practically independent of the emission wavelength, thus
indicating the presence of three distinct excited states for the
2-anthroyl chromophore and enabling the corresponding time-
resolved fluorescence emission spectra (TRES) and decay
associated spectra (DAS) to be recorded. These results are
now to be discussed in connection with the location of the
2-anthroyl group in the bilayer, its fluorescence properties,
and the dynamics of the bilayer assembly.

Withrespect to the chromophore location, one might argue
that despite the high hydrophobicity of the anthracene moiety,
the presence of a keto group might force the 2-anthroyl flu-
orophore to loop back from the center of the bilayer into the
hydrated interfacial region of the lipid bilayer. In fact, and
owing to the size and rigidity of the anthracene residue, partial
looping back of the probe would require a rather large space
between lipid molecules corresponding to a destabilization of
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the lipid bilayer. This is in contradiction with the regular
phase behavior anthroyl-PC was shown to exhibit, alone or
when mixed with other lipids (Pérochon & Tocanne, 1991).
It is now well established that the 9-anthroyloxy moiety in
n-(9-anthroyloxy) fatty acids (2-AP, 2-AS, 3-AS, 6-AS, 9-
AS, 12-AS, and 16-AP) is located at graded depths in lipid
bilayers, from the interfacial region for n = 2 up to the center
of the bilayer for n = 16 (Blatt & Sawyer, 1985; Thulborn
et al., 1979; Villalain & Prieto, 1991). In terms of polarity,
the ester bond and the keto group which differentiate the
9-anthroyloxy and 2-anthroyl chromophores are nearly equiv-
alent. Forexample, ethyl acetate and acetone display similar
partition coefficients from water to the hydrocarbon phase of
dimyristoylphosphatidylcholine bilayers in the liquid state
(Katz & Diamond, 1974). Therefore, the conclusion that the
anthroyloxy groupin 9-AS, 12-AS, and 16-APisdeeply buried
in the hydrocarbon phase of bilayers should also apply to the
2-anthroyl chromophore in anthroyl-PC. As more direct
evidence, no fluorescence quenching was observed when the
nonpermeant cupric Cu?* ions were used as quenchers (Péro-
chon & Tocanne, 1991). Consistently, the quenching data
obtained in the present study with 12-doxylstearic acid and
principally with DMA also account for the presence of the
fluorophore in the hydrophobic core of the bilayer. Inaddition,
they greatly suggest that the three distinct fluorescence
emissions detected for anthroyl-PC in egg-PC originate from
2-anthroyl groups located at the same depth in the bilayer.

In terms of fluorescence properties and as previously
reported, the carbonyl group of the 2-anthroyl chromophore
is coplanar with the aromatic ring in both the ground and
excited states. This is the conformation of minimum energy
which favors the conjugation between the carbonyl group and
the aromatic ring and consequently provides the probe with
a very high dipole moment in the excited state (Pérochon et
al., 1991). This makes the probe rather insensitive to changes
in molecular packing but, in contrast, very sensitive to the
polarity of its environment and capable of discriminating
between general solvent effects (dipolar solute/solvent in-
teractions) and specific solvent effects (hydrogen bonding) in
aprotic and protic environments, respectively (Pérochon et
al., 1991). Thus, the short lifetime of 1.5 ns and the corre-
sponding structured and blue DAS clearly account for a
hydrophobic environment for the probe with a dielectric
constant around 2, which is that expected for the hydrophobic
region of the bilayer. A lifetime of 5.5 ns is intermediate
between the values of 4.35 ns and 6.23 ns found for the probe
in benzene (e = 2.28) and acetone (¢ = 20.7), respectively.
The corresponding nonstructured DAS, with a A\J2* of 440
nm, would still account for an aprotic medium, but of higher
polarity, with an e value around 30. We have no straight-
forward interpretation to propose as to the origin of this
intermediate lifetime. If one just considers its value of 5.5 ns,
which suggests benzene-like or acetone-like environments for
the probe, it might partly correspond to collisional encoun-
terings of probe molecules in the bilayer. A lifetime of 20 ns
is characteristic of a protic environment and was detected in
the presence of water only (Pérochonetal., 1991). Thislarge
7 value and the corresponding nonstructured and red-shifted
DAS, with a AJ2* of 477 nm, which, in fact, imposes its
spectrum on the total spectrum of the probe in the bilayer,
were mimicked when methyl 8-(2-anthroyl)octanoate was
dissolved in DMF/water 3.9/6.1 (mol/mol) or ethanol/water
7.2/2.8 (mol/mol) mixtures. This clearly indicates that an-
throyl-PC in egg-PC vesicles was interacting with water.
Because of thermal fluctuations, the possibility for the 2-
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anthroyl group to reach sometimes the hydrated interfacial
region of the bilayer, by translation along the bilayer normal,
cannot be totally excluded a priori. In fact, the distribution
of the double bonds at the 9-10 positions of the two acyl
chains in dioleoylphosphatidylcholine and of water molecules
in the interfacial region has been recently elucidated through
a refined study of the X-ray and neutron diffraction data
obtained for hydrated bilayers of the lipid (Wiener et al.,
1991). Thesedistributions are well accounted for by nonover-
lapping Gaussian functions centered at a distance of 0.788
nm for the two double bonds, and of 0.225 nm for water, from
the center of the bilayer. The keto group in anthroyl-PC also
occupies the 9-position in the sn-2 acyl chain of the lipid and
probably undergoes similar average thermal motions with
respect to the bilayer normal. Consequently, the possibility
for the 20-ns long-living species, which account for up to 80%
of the total fluorescence intensity, to originate mainly from
a large proportion of 2-anthroyl chromophores located in the
hydrated interfacial region of the lipid bilayer can be discarded.
In other words, this means that anthroyl-PC detects the
presence of water in the hydrophobic region of egg-PC bi-
layers. The 2-anthroyl chromophore is known to exhibit a
charge transfer character in the excited state, and the resulting
increase in basicity of the carbonyl group is expected to favor
specific hydrogen bond interactions with water and other pro-
tic molecules (Pérochonetal., 1991). These interactions with
the keto group of anthroyl-PC indicate the presence of water
around the 9-position of the hydrocarbon chains in egg-PC
bilayers. This s the first time that water is detected so deeply
in the hydrophobic region of a phospholipid bilayer.

Convincing experimental evidence indicating the presence
of water within the hydrocarbon phase of lipid bilayers is still
very scarce. As mentioned in the introduction, X-ray and
neutron diffraction data have enabled the hydrophobic/hy-
drophilic boundary in lipid bilayers to be located near the first
CH; groups of the acyl chains (Knott & Schoenborn, 1986;
Scherer, 1989; Simon & Mclntosh, 1986; Wieneretal., 1991;
Worcester & Franks, 1976), but these diffraction techniques
cannot detect the presence of ill-localized water molecules
diffusing in the hydrocarbon core of the bilayer. Indirect
evidence for the presence of water in the hydrophobic region
of lipid bilayers has been inferred from fluorescence studies
with DPH as a probe of environmental microheterogeneity in
alarge variety of lipid bilayers and membranes (Fiorini et al.,
1987, 1988, 1989; Straum & Litman, 1987a,b; Williams &
Stubbs, 1988; Zannoni, 1983; Zolese et al., 1990) and from
the comparison of measured and estimated apparent molar
heat capacities for aqueous dispersions of phospholipids
(Blume, 1983).

Asmore direct evidence, the comparison of the ESR spectra
of 5-, 12-, and 16-doxylstearic acids embedded in microsomal
lipids from calf liver indicated the presence of water in position
5, but not in positions 12 and 16 of the acyl chains (Griffith
et al., 1974). Quite recently, the analysis of the photoprod-
ucts of a lyso-Gy1 ganglioside derivative bearing a diazirinyl
photoreactive group revealed the presence of water around
the 7-9 carbon atoms of the acyl chains in egg-PC liposomes
and calf brain microsomes (Meier et al., 1990).

The exact stoichiometry and lifetime of the anthroyl-PC/
water interactions we have put forward are still to be elucidated.
However, and because these interactions are more than likely
to be thought in terms of hydrogen bonding, a large amount
of water is not required. A probe to water molar ratioof 1/1
might be enough, corresponding in fact to the detection of
single and isolated water molecules. Furthermore,and because
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the probe lifetimes are independent of the emission wavelength,
the lifetimes of these probe/water interactions must be
comparable to that of the corresponding excited state for the
probe, i.e., at least of 20 ns.

The possibility that the presence of water so detected might
be a direct consequence of the incorporation of the probe in
the lipid bilayer can be discarded since the three fluorescence
lifetimes and their respective fractional populations were found
to be independent of the probe concentration in the bilayer.
Very likely, the presence of water within the lipid acyl chains
is to be related to the high permeability to water phospholipid
bilayersare known todisplay (Bittman & Blau, 1972). There
are at least two models to explain the underlying mechanisms
of water permeation (Deamer & Bramhall, 1986). The first
was proposed to account for the abnormally high conductivity
of lipid bilayers to protons (Deamer & Bramhall, 1986;
Deamer & Nichols, 1989; Nagle, 1987). It considers the
existence of transient hydrogen-bonded chains (tHBC) of
water molecules along the bilayer normal, which would oc-
cassionally arise from thermal fluctuations in the lipid bi-
layer. The second, and probably most generally accepted, is
the solubility—diffusion model. Water permeability is con-
sidered to arise from a process in which individual water
molecules dissolve in the nonpolar region of the bilayer and
cross by simple diffusion. As proposed by Trduble (1971),
dissolution and diffusion of water molecules would be
facilitated by the existence of kinks which form and diffuse
due to 8-coupled gauche—trans—gauche isomerization along
the acyl chains of the lipids. It is not yet possible to choose
between the two models, and our fluorescence data are
compatible with both. The two models afford the probe with
the possibility of interacting specifically with water molecules.
Note that dipolar solute/solvent reorientations should be
accounted for when considering the tHBC model. Never-
theless, the observation that water molecules in bulk alkane
solvents would exist in the monomeric form and not hydrogen
bonded to others in aggregates (Conrad & Strauss, 1985)
brings strong support to the solubility—diffusion model. Using
two different approaches, Trauble (1971) and Diamond and
Katz (1974) arrived at the same formulation for the permeation
coefficient P of water through membranes, which can take
the simplified form P = K,D/8, where K is the partition
coefficient of water from the bulk of the aqueous phase to the
lipid hydrocarbon phase, Dis the diffusion coefficient of water
molecules in the lipid bilayer, and & is the thickness of the
bilayer tobecrossed. Alsoinsupport of the solubility-diffusion
model, this expression led to a calculated permeability
coefficient very similar to those found experimentally when
the partition and diffusion coefficients of water in alkanes
were used (Finkelstein & Cass, 1968; Lipschitz-Faber & De-
gani, 1980; Trauble, 1971).

Finally and with respect to the lifetime of the probe/water
interactions, recent molecular dynamics simulations indicate
that if multiple trans—gauche isomerizations can occur in the
acyl chains in the 100-ps time scale, a complete description
of the various motions of one phosphatidylcholine molecule
isachieved at the nanosecond time scale (De Loof et al., 1991).
In addition, the anthracene moiety of the probe, because of
its rigidity and planeity, is expected to increase the local acyl
chain order and therefore to decrease the trans—gauche isomer-
ization rate, while hydrogen bonding with the keto group would
stabilize water molecules in the vicinity of the probe.
Furthermore, water in the middle of lipid bilayers diffuses
three times slower than bulk water (Egberts & Berendsen,
1988). These arguments make quite reasonable a lifetime of
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at least 20 ns for the probe/water interactions in the bilayer.

Cholesterol has long been recognized to decrease water
permeation through phospholipid bilayers (Bittmann & Blau,
1972; Finkelstein & Cass, 1968; Milon et al., 1986; Schuler
et al,, 1991; Trduble, 1971). In this respect, it is quite
interesting to observe that increasing the concentration of
cholesterol in egg-PC bilayers brought about a decrease in
the fractional intensity of the 20-ns long-living anthroyl-PC
molecules associated with water. More precisely, and taking
into account the relationships which have been established
between lifetimes and quantum yields for the probe (Péro-
chon et al., 1991), relative fluorescence quantum yields of 2,
10, and 26 can be estimated for the three lifetimes of 1.5 ns,
5.5 ns, and 20 ns, respectively. Dividing the corresponding
sets of fractional intensities in Figure 4A by their respective
quantum yields enabled the fractional population of the various
excited states of the probe, shown in Figure 4B, to be estimated.
Notethat data in panels A and B were obtained at the emission
wavelength of 440 nm where the three decays were found to
contribute significantly to the total fluorescence. It is
remarkable to observe that the fractional population of probe
molecules with a lifetime of 5.5 ns remained practically
constant at around 25-30%, while the fractional population
of probes with a lifetime of 20 ns decreased from 52% down
to 20% and the fractional population of probes with the short
lifetime of 1.5 ns increased from 17% up to 56%. In other
words, this means that addition of cholesterol to the lipids
reduced the number of anthroyl-PC molecules in contact with
water. This can be interpreted along with the ordering effect
cholesterol and other sterols have on membranes and which
can be accounted for by an increase in the order parameter
of the hydrocarbon chains of the lipid molecules (Schuler et
al., 1991; Yeagle, 1985). Increasing the motional order of
the acyl chains corresponds to a decrease in trans—gauche
isomerization. Considering the solubility—diffusion model,
this would bring about a decrease in the kink concentration
and therefore in the partition coefficient of water in the
hydrocarbon region of the bilayers (Trduble, 1971). In this
respect and as shown in Figure 8, there is a remarkable
parallelism between the cholesterol-mediated decreases in the
population of those probe molecules which are associated with
water and in the permeability to water of egg-PC vesicles, as
measured for example by Bittman and Blau (1972) using
osmotic gradients. Inthe absence of precise knowledge of the
fluorescence emission mechanism of the probe in the presence
of water, this strict parallelism in the decrease rate of the two
parameters may be fortuitous. Nevertheless, this would
suggest that the probe can be used as a direct reporter of the
permeability of lipid bilayers to water.

Unfortunately, it is extremely difficult to evaluate the water
concentration within the hydrophobic region of the bilayer
from our fluorescence data. However, note that a concen-
tration around 2-30 mM was evaluated by Meier et al. (1990),
which lies in the range of the solubility of water in saturated
or unsaturated alkanes.

Altogether, and in view of the solubility—diffusion model,
the rather complex fluorescence data obtained for anthroyl-
PC in egg-PC vesicles, in the absence and presence of
cholesterol, can be interpreted in a self-consistent way. This
allows us toconclude that 2-anthroyl chromophore experiences
at least three different and quite distinct environments, two
of hydrophobic nature and the third corresponding to inter-
actions with water molecules diffusing across the lipid bi-
layer.
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FiGURE8: A comparison of the effect of cholesterol on the fractional
population of the 20-ns long-living species of anthroyl-PC (1 mol %)
in egg-PC vesicles (@) and on the initial rate d 4 /dr (@) of the swelling
of egg-PC vesicles submitted to an osmotic pressure gradient [data
from Bittman and Blau (1972)]. The change in absorbance, d4/dt,
which results from the osmotic swelling of liposomes represents a
convenient means to measure the initial rate of their volume change,
dV/ds, which itself has been shown to reflect the permeability
coefficient of water to the lipid bilayer (Milon et al., 1986). The
fractional populations of the long-living species of anthroyl-PC were
taken from data in Figure 4B. They are given with an error risk of
5%.

It is worth emphasizing that like 9-(2-anthryl)nonanoic acid
(Welby & Tocanne, 1982; Dupouetal., 1986), 8-(2-anthroyl)-
octanoic acid can incorporate metabolically into the various
membrane lipids of both prokaryotic (bacterium Micrococ-
cus luteus) and eukaryotic (Chinese hamster ovary cells) cells
in culture (unpublished data). This providesus with the great
advantage of being able to study, in situ, the behavior of
constitutive membrane lipids. In addition to the potential of
the probe for reporting on membrane fluidity (Pérochon &
Tocanne, 1991), the 2-anthroyl chromophore appears to be
a promising tool for probing the organization of biological
membranes in terms of environmental micropolarity and for
testing their permeability to water.
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