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The enhancement of the weakly allowed 0-0 vibronic transition in the fluorescence spectrum of the probe
pyrene, which we previously showed to result from ground-state complexation with polar groups, has been shown
in the present study to offer a new method for determining phase transition temperatures of liposomes and for
studying the effects of cholesterol on the structure of their semipolar glycerol backbone. For dipalmitoylphos-
phatidylcholine it is found that small cholesterol contents (~9 mol%) induce an increase in the polarity of the
microenvironment of the probe, whereas contents 213 mol% induce a decrease in the polarity. The results are dis-
cussed in terms of cholesterol effects on the frequency and extent of thermally-induced structural fluctuations

which, in turn, affect the penetration of the probe into the bilayer.

We previously employed [1] the enhancement of
the weakly allowed 0-0 vibronic transition in the flu-
orescence spectrum of the probe pyrene, which is the
result of the reduction of the molecular symmetry
brought about by ground-state complex formation
with neighboring polar groups [2,3], to obtain infor-
mation on the approximate location of the probe in
phospholipid bilayer liposomes. It was inferred [1]
that the probe is located in the vicinity of the semi-
polar glycerol backbone. The effective polarity of its
microenvironment was found to depend on the
nature as well as on the state of the liposomes: the
probe was found to penetrate further into the bilayer
above its phase transition temperature.

The present study demonstrates that the enhance-
ment can be employed as a new method for deter-
mining phase transition temperatures of bilayer lipo-
somes as well as for studying the effects of choles-
terol on the structure of their glycerol backbone.

The enhancement ratio, R, for pyrene in dipal-

mitoylphosphatidylcholine liposomes was measured
as the ratio of the intensity of the 0-0 vibronic band
at ~376 nm to that at ~387 nm in its fluorescence
spectrum (see Fig. 1). The former band is very weak
in inert solvents becoming enhanced considerably
when the probe interacts with neighboring polar
groups, whereas the latter band is the strongest in
inert solvents [3,4]. Thus, R is a measure of the effec-
tive polarity of the microenvironment of the fluores-
cent probe.

Fig. 2 shows R as a function of temperature. It is
seen that there is a significant decrease in R at the
phase transition, implying further penetration of the
probe into the bilayer. A value of 36.0 * 0.4°C was
obtained for the transition temperature, T;, from the
melting profile, which is in very good agreement with
the following values obtained for sonicated liposomes
by employing the methods of differential scanning
calorimetry [5], fluorescence depolarization [6] and
Raman spectroscopy [7]: 369, 364 and 37°C,
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Fig. 1. Fluorescence spectra of pyrene incorporated into
dipalmitoylphosphatidylcholine liposomes at 25°C: ,
in the absence of cholesterol; ------ , in the presence of 50
mol% cholesterol. Excitation was at 334 nm. The excitation
and emission bandwidths were 7 nm and 0.5 nm, respec-
tively. The spectra were normalized at the vibronic band at
~387 nm, which is the strongest band in the inert solvent
heptane, as was done previously in other enhancement
studies [1,3,4]. Further experimental details are given in the
caption to Fig. 2.

respectively. This then provides a new and accurate
method for determining 7.

The effect of cholesterol on the structure of the
liposomes was next studied. It is seen from Fig. 2 that
for a cholesterol content of 9.3 mol% the profile is
higher than that in the absence of cholesterol. Thus,
the probe finds itself in a more polar environment.
This finding implies that cholesterol forces the probe
to some extent from the glycerol region toward the
polar head groups. A cholesterol content of 13.1
mol%, on the other hand, reverses the trend and
yields a profile which is predominantly lower than
that in the absence of cholesterol, implying a further
penetration of the probe into the interior of the
bilayer. A cholesterol content of 11.1 mol% is seen to
induce effects which are intermediate between those
induced by 9.3 and 13.1 mol%. Fig. 3 shows that the
trend in the lowering of the profile continues for 17
mol%, 23.2 mol%, 27.3 mol%, 42.5 mol% and up to
the maximum content of 50  mol%. The high-tem-
perature plateau in the profile is seen to be prac-
tically abolished above 17 mol%. Interestingly, calo-
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Fig. 2. Plot of the enhancement ratio, R, defined as the ratio
of the 0-0 vibronic band intensity at ~376 nm to that of the
band at ~387 nm in the fluorescence spectrum of pyrene, as
a function of temperature for different cholesterol contents.
At every temperature the emission monochromator was care-
fully reset successively at the two fluorescence spectral max-
ima in order to take into account very small temperature-
induced spectral shifts. The cholesterol mole fractions were
as follows: , 0 mol%; ------ , 9.3 mol%; .- ,11.1
mol%; and - — - — - , 13.1 mol%. Fluorescence measurements
were made with a spectrofluorometer previously described
[18]. Excitation was at 334 nm. The emission bandwidth was
0.5 nm. Chromatographically pure L-o-dipalmitoylphospha-
tidylcholine was obtained from Sigma. Zone-refined pyrene
was obtained from P. Bauric, Philadelphia. Cholesterol, pri-
mary standard grade, was obtained from P.L. Biochemicals.
The preparation of the liposomes was done according to pub-
lished procedures [1,19,20]. A mixture of dipalmitoylphos-
phatidylcholine (2 mg/ml), pyrene (0.05 ml of 1 mM dioxane
solution in total 10 ml solution), and cholesterol, in 0.01 M
phosphate buffer pH 7 (in triply distilled water) was stirred
for 30 min. It was then sonicated for 20 min using a Heat
Systems-Ultrasonics 20 kHz model W-375 sonifier equipped
with 0.5 inch tip at 50% full power. Finally, it was centri-
fuged at 65 000 X g for 30 min. Sonication was done at 45°C,
above the transition temperature of the liposomes. All proce-
dures were carried out under nitrogen. No excimer formation
was detected at the low incorporated concentration of
pyrene. Steady-state and nanosecond fluorometric techniques
did not detect any fluorescence from liposomes unlabelled
with pyrene or containing only cholesterol.

rimetric studies [8—10] reported that a sharp phase
transition occurs only if the cholesterol content is less
than ~15 mol%. For 50 mol% the enhancement ratio



is seen from Fig. 3 to be only slightly dependent on
temperature. The reduction in the enhancement of
the 0-0 band (at ~376 nm) for that case relative to
that in the absence of cholesterol is seen in Fig. 1.

For interpreting the present data, it is important
to have information on the approximate location of
the probe in the bilayer. That the probe does not
penetrate deep into the hydrophobic core upon
increasing the temperature or the mole fraction of
cholesterol can be deduced from the fact that the ob-
served R values, ranging from ~1.26 to 1 (Figs. 2 and
3) are much higher than the value of 0.64 obtained in
the inert solvent heptane. In fact, it takes ~8 M of
butanol in heptane solution to yield an R value of 1,
the value representing the most hydrophobic environ-
ment of the probe in the phospholipid-cholesterol
mixtures employed in the present study.

Cholesterol is known to affect the different
regions of the bilayer to a varying degree. Whereas it
liquifies the fatty acyl chains below T} and solidifies
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Fig. 3. Plot of the enhancement ratio, R, as a function of
temperature for the following cholesterol mole fractions:
(A) 0 mol%; (B) 17 mol%; (C) 23.2 mol%; (D) 27.3 mol%;
(E) 42.5 mol%; and (F) 50 mol%. For clarity, experimental
points are shown only for curve E. Experimental details are
given in the caption to Fig. 2.
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them above T} [11], it does not affect significantly
the mobility of the polar head groups [12]. The only
available information regarding the effect on the gly-
cerol backbone is for 50 mol% cholesterol for which
the phase transition is abolished [8] and the fatty
acyl chains attain an intermediate mobility [11]. An
NMR study [13] for that cholesterol mole fraction
reported pronounced enhancement of the mobility of
the backbone which exceeds its mobility even in the
liquid-crystalline state of the pure phospholipid. On
the basis of the model put forward by Triuble [14],
according to which the transport of molecules is
accomplished through lipid conformational changes,
it would then be expected that thermally-induced
structural fluctuations would be facilitated giving rise
to enhanced penetration of the probe into the
bilayer. The present data for 50 mol% cholesterol are
in line with such an interpretation as are those for
mole fractions down to 13.1%. A mole fraction of
9.3%, on the other hand, is found to diminish the
penetration of the probe and to force it toward the
polar head groups. Thus, apparently small cholesterol
contents tend to reduce the frequency and/or extent
of lipid structural fluctuations. The different effects
of cholesterol in that case cannot be readily ex-
plained, as the detailed mode of the cholesterol-lipid
interaction has not yet been established [15]. It is of
interest to note in this regard that the distribution of
low cholesterol concentrations in the bilayer has been
reported to be heterogeneous [9,10]. Moreover, an
X-ray diffraction study [8] reported for dipalmitoyl-
phosphatidylcholine differences between the effects
of low and high cholesterol contents. At 7.5 mol%
cholesterol the long spacing reaches a maximum value
increasing from 65 to 81 A (6.5 to 8.1 nm). That
effect was attributed to a change in the tilt of the
hydrocarbon chains to a configuration normal to the
lipid-water surface and to an increase in the thickness
of the bound water layer by about 9 A. The long
spacing was found to decrease upon further addition
of cholesterol reaching a value of 64 A at 50 mol%. A
difference in the behavior of small cholesterol con-
tents was also observed in the effect on the water per-
meability of egg phosphatidylcholine liposomes [16].
The permeability increases for small cholesterol con-
centrations reaching a maximum value at ~10 mol%,
whereas it decreases upon addition of more choles-
terol.
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It could be argued that an increase in the water
permeability of dipalmitoylphosphatidylcholine lipo-
somes at low cholesterol mole fractions could explain
the observed increase in the enhancement ratio rela-
tive to that in the absence of cholesterol. There is
strong evidence, however, against such an interpreta-
tion. As we pointed out previously [3], at least 1 M
of polar solvent in binary heptane solutions is needed
for a barely observable enhancement of the 0-0
vibronic band. Thus, unusually large amounts of
water incorporated into the bilayer would be needed
to explain the pronounced enhancements observed in
the lipid-cholesterol systems studied in the present
work.

Work in progréss in our laboratory extends the
present approach to include other phospholipids as
well as the fluorescent probe 1,12-benzoperylene
which we have shown to exhibit pronounced en-
hancement of its 0-0 vibronic band when interacting
with polar groups in solution [17] and when incor-
porated into bilayer liposomes [1].

It is of interest to compare the enhancement
method for obtaining information on the polarity of
the microenvironment of a fluorescent probe with
that utilizing fluorescence spectral shifts [probes of
the 1-anilinonaphthalene-8-sulfonate (ANS) type have
been used extensively in the literature in such
studies]. The accuracy of polarity determinations by
the latter method can be adversely affected by
restricted relaxation of neighboring polar groups dur-
ing the lifetime of the excited state of the probe [21,
22]. The enhancement method, on the other hand,
does not suffer from such an uncertainty, as the emis-
sion monitored is from a probe-polar group molecular
complex, formed in the ground electronic state of the
probe [2,3], whose association constant does not
change appreciably upon excitation; that inference is
reached on the basis of the very small shifts of the
0-0 vibronic band in polar environments relative to
that in inert solvents [3,17,23].

We are grateful to Drs. J.E. Churchich and L.
Huang of the Biochemistry Department of The Uni-
versity of Tennessee for marking their facilities for
the preparation of the liposomes available to us.
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