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The behavior of dehydrocrgosterol in L-a-dimyristoyiphosphatidylcholine (DMPC) unsonicated multilamel-
lar liposomes was characterized by absorption spectroscopy and fluorescence measurements. Dehydro-
ergosterol exhibited a lowered absorption coefficient in multilamellar liposomes while the steady-state
fluorescence anisotropy of dehydroergosterol in these membranes decreased significantly with increasing
dehydroergosterol concentration, suggesting membrane steroi-sterol interactions. The comparative steady-
state anisotropy of 0.9 mole percent dehydroergosterol in multilamellar liposcinies was lower than in small
unilamellar vesicles suggesting different sterol environments for dehydroergosterol. Dehydroergosterol
fluorescence lifetime was relatively independent of membrane sterol content and yielded similar values in
sonicated and unsonicated model membranes. In multilamellar liposomes containing 5 mole percent
cholesterol, the gel-to-liquid crystalline phase transition of DMPC detected by 0.9 mole percent dehydro-
ergosterol was significantly broadened when compared to the phase transition detected by dehydroergosterol
in the absence of membrane cholesterol (Smutzer, G. et al. (1986) Biochim. Biophys. Acta 862, 361-371). In
multilamellar liposomes containing 10 mole percent cholesterol, the major fluorescence lifetime of dehydro-
ergosterol did not detect the gel-to-liquid crystalline phase transition of DMPC. Time-correlated fluores-
cence anisotropy decays of dehydroergosterol in DMPC multilamellar liposomes in the absence and
presence of 5 mole percent cholesterol exhibited a single rotational correlation time near one nanosecond
that was relatively independent of temperature and low concentrations of membrane cholesterol. The
limiting anisotropy of 0.9 mole percent dehydroergosterol decreased above the gel-to-liquid crystalline phase
transition in membranes without cholesterol and was not significantly affected by the phase transition in
membranes containing S mole percent cholesterol. These results suggested hindered rotaticaal diffusion of
dehydroergosterol in muliilamellar liposomes. Lifetime and time-correlated fluores-ence measurements of
0.9 mole percent dehydroergosterol in multilamellar liposomes further suggested ¢his fluorophore was
detecting physical properties of the bulk membrane phospholipids in membranes devoid of cholesterol and
was detecting sterol-rich regions in membranes of low sterol concentration:.

Abbreviations: dehydroergosterol, ergosta-5,7,9(11),22-tetraen-38-ol; DMPC, L-a-dimyristoylphosphatidylcholine; EDTA, ethylene-
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1-palmitoyl-2-oleoylphosphatidylcholine; r, steady-state anisotropy; 7, zero-time anisotropy; Foy» apparent zero-time anisotropy;
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Introduction

It has long been known that cholesterol is an
integral component of many biologicai mem-
branes, and these membranes can exhibit a wide
range in cholesterol content. Cholesterol is also an
important component of human serum lipopro-
teins whose function is to transport cholesterol
through the blood stream. However, the role of
cholesterol in modulating membrane structure and
function is still largely unknown.

A major problem for determining cholesterol
effects on biological membrane structure and
function has been the lack of a suitable method
for probing sterol behavior in biological mem-
branes that would minimally perturb the system
vet accurately monitor membrane cholesterol be-
havior. This problem has been alleviated by the
recent introduction of fluorescent sterol probes
such as dehydroergosterol [1]. Dehydroergosterol
is a useful analog of cholesterol that has been
shown to function in a manner similar to
cholesterol [1-3], and has recently been exploited
in a wide variety of biociogical systems [4-6]. De-
hydroergosterol detects membrane sterol phase
separations at cholesterol concentrations as low as
5 mole percent [7-9], undergoes an increase in
steady-state fluorescence anisotropy above the gel-
to-liquid crysialline phase transition of multi-
lamellar liposomes prepared from thin films [7,8],
yet does not undergo complex excited state behav-
ior [10]. In this report, the fluorescence of dehy-
droergosterol in unsonicaied multilamellar lipo-
somes is characterized and compared to its fluo-
rescence behavior in sonicated unilamellar vesicles
(SUV) under similar experimental conditions. The
effects of low sterol concentration on the fluores-
cence properties of dehydroergosterol in multi-
lamellar liposomes is then analyzed by lifetime
and time-correlated anisotropy decays since low
membrane cholesterol has been shown to induce
unique changes in liposome membrane structure
[7.81.

Miaterials and Methods
Dehydroergosterol was synthesized from ergo-

sterol (Sigma Chemical Co., St. Louis, MO) by
oxidation with mercuric acetate and purified by
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reverse-phase HPLC as previously described [10].
DMPC (in chloroform) was purchased from Avanti
Polar Lipids (Birmingham, AL) and cholesterol
was obtained from Eastman Kodak (Rochester,
NY).

Preparation of liposomes. Multilamellar lipo-
somes of DMFC were prepared from thin films as
previously described [7] and suspended in aqueous
buffer containing 150 mM NaCl, 5 mM Hepes at
pH 7.00, and 1 mM EDTA and shaken for 30 s at
approx. 30°C by vortexing. Multilamellar lipo-
somes were centrifuged for 20 min at 30000 X g in
a Beckman J-21 preparatory centrifuge and resus-
pended in 6 ml of Hepes buffer by vortexing.
Final DMPC concentration of all samples was
0.33 mg/ml. Multilamellar Viposomes without de-
hydroergosterol were prepared in an identical
manner.

Small unilamellar vesicles were nrepared from
DMPC and 0.9 mole percent dehydroergosterol by
sonication and ultracentrifugation above 25°C
using previously described procedures [3).

Fluorescence spectroscopy. Steady-state fluores-
cence anisotropy, r, was measured with a PRA
fluorescence lifetime spectrofluorometer (Photo-
chemical Research Associates, London, Ontario,
Canada) or a Perkin-Elmer LS 5 fluorescence
spectrophotometer and was defined as follows:

I,—-G-1,
'=T,+2G1, M
I, and I, represent the fluorescence intensities
with the analyzer parallel and perpendicular 1o the
vertical polarizer, respectively. G represents the
ratio of the sensitivity of the detection system for
vertically polarized light. Changes in background
fluorescence contributed by unlabeled membranes
were measured and- subtracted from the parallel
and perpendicular components of the emission.
The temperature of the sample was controlled by
a water bath connected to the sample chamber of
ihe fluoroincicr and was monitored with a digital
thermometer.

Fluorescence lifetimes werc measured by the
single photon counting technique utilizing a PRA
fluorescence lifetime spectrophotometer. Excita-
tion by 325 nm light was provided by a hydrogen
filled, thyratron-gated lamp operated at 30.9 kHz
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and at a potential of 6 kV. Fluorescence emission
was measured through a 3 mm KV 370 Schott
filter (high pass, 50% transmittance at 370 nm,
Schott Optical Co., Duryea, PA) with the emission
polarizer at 54.7°. A lamp profile utilizing a
scattering solution of glycogen in water was de-
termined for each lifetime measurement, and sam-
ples in the absence of probe were examined under
identical conditions and subtracted from the
labeled data on a channel per channel basis as
previously described [10]. Reiterative convolution
of the lifetime data was analyzed by least-squares
analysis as previously described [10].

Time-correlated fluorescence anisotropy mea-
surements were analyzed by:

r(t)y= Y B, exp(—1/%;) )

J=1

where 8, is the pre-exponential factor of the r(z)
curve and ¢ is the rotational correlation time in
nanoseconds. The time-correlated anisotropy de-
cay of dehydroergosterol in multilamellar lipo-
somas was analyzed by setting the rotational cor-
relation time ¢, to represent a constant value:

r(t)y=(r— ) EXp( = t/$y) + 1, 3)

At 0.9 mole percent dehydroergosticrol, subtrac-
tion of low levels of background fluorescence (2
percent or less in multilamellar liposomes) from
the vertical and horizontal components increased
the precision of measurement of probe dynamics
in these membrane systems. The apparent
zero-time anisotropy, Toy» Was lowered by approx.
0.01 anisotropy units after background subtrac-
tion while r, was decreased by approx. 0.006
anisotropy units since background scatter was less
significant at later data acquisition channels where
r, was defined. Background correction generally
increased the rotational correlation time by 0.3 ns.
As an internal control, the fluorescence lifetime of
dehydroergosterol obtained from the sum curve of
the time-correlated polarized fluorescence emis-
sion, (4, +2GI,), was compared to the lifetime
measured at 54.7° [11].

The r,, values were obtained from the data fit
using Eqn. 3. The motional order parameter, S,
was calculated from the time-correlated ani-

sotropy decays according to Wolber and Hudson
[12]:

with 7, equal to 0.385 for dehydroergosterol when
excited at its major absorption band [13].

Miscellaneous techniques. Absorption spectra of
dehydroergosterol in multilamellar liposomes were
measured with a Perkin-Elmer Lambda 3B double
beam spectrophotometer. Unlabeled liposomes
were used in the reference beam of the spectro-
photometer.

Results

Spectral properties of dehydroergosterol in liposomes
In order to measure the absorp‘ive properties
of dehydroergosterol in multilamellar liposomes,
membranes of 10 mole percent fluorophore were
prepared. The corresponding absorption maxi-
mum of 10 mole percent dehydroergosterol in
multilamellar liposomes was 326.5 nm. This value
was similar to its absorbance maximum in iso-
tropic solvents [10], and in SUV where 10 mole
percent dehydroergosterol exhibited an absorption
maximum of 326.0 nm [9)]. This observation indi-
cated the most probable electronic transition
within the major absorption band of dehydro-
ergosterol occurred at a similar wavelength in
unsonicated membranes, in sonicated membranes,
and in isotropic solvents. However, 10 mole per-
cent dehydroergosterol in multilameilar liposomes
(54.6 mM dehydroergosterol) at 20°C exhibited
an absorption coefficient near 3100 + 100 M~!.
cm™! which was significantly lower than its ab-
sorption coefficient in non-aqueous isotropic
solvents. In these solvents, dehydroergosterol ex-
hibited absorption coefficients near 10000-11 000
M~!-cm™ ! [4,10]. The lowered absorption coeffi-
cient in multilamellar liposomss suggested interac-
tions between dehydroergosterol chromophores.

Fluorescence measurements

As a test of the ability of dehydroergosterol to
undergo sterol-sterol interactions in multilamellar
liposomes, the effect of dehydroergosterol con-
centration on its steady-state fluorescence ani-
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Fig. 1. Steady-state fluorescence anisotropy of dehydro-
ergosterol as a funct'on of its membrane concentration in
multilamellar liposomes. Temperature was 19.9°C, excitation
was at 325 nm, and emission was measured through a KV 370
filter.

sotropy was measured. Fig. 1 presents the steady-
state fluorescence anisotropy of dehydroergosterol
in multilamellar liposomes at 20°C as a function
of dehydroergosterol concentration. Upon excita-
tion at 325 nm, the fluorescence amisotropy of
dehydroergosterol was decreased by increasing
concentrations of membrane fluoropiiore. This an-
isotropy decrease in multilamellar liposomes was
most pronounced at concentrations up to 5 mole
perceni dehydroergosterol while above this con-
centration, fluorescence anisotropy underwent
only a further slight decrease. These results sug-
gested interactions between dehydroergosterol
chromophores in multilamellar liposomes as sterol
concentration was increased. These sterdy-state
anisotropy results also correspond to previously

TABLE I
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reported changes in the physical properties of
dehydroergosterol observed between 0 and 5 mole
percent membrane sterol which indicated the pres-
ence of sterol-rich regions in multilamellar lipo-
somes at these concentrations [7,8].

The steady-state anisotropies of low concentra-
tions of dehydroergosterol in multilamellar lipo-
somes presented in Fig. 1 displayed lower values
than similar dehydroergosterol concentrations in
SUV [9]. These results suggested potentially differ-
ent membrane environments for dehydre-
ergosterol in these two bilayer systems. in POPC
SUV, dehydroergosterol concentrations near 1
mole percent displayed fluorescence anisotropies
near 0.26 [9], higher than the anisotropies ob-
served with multilamellar liposomes. The steady-
state anisotropy of 0.9 mole percent dehydro-
ergosterol was therefore compared in DMPC SUV
and DMPC multilamellar liposomes at an idemnti-
cal temperature above the gel-to-liquid crystalline
phase transition where potential fusion of SUV
would not occur. Upon excitation at 325 nm and
at 26.1°C, the steady-state anisotropy cf dehydro-
ergosterol in DMPC SUV was 0.24 while an iden-
tical fluorophore concentration in multilamellar
liposomes yielded a value of 0.18. These different
steady-state anisotropies under identical condi-
tions suggested that dehydroergosterol may reside
within different .nembrane environinents in un-
sonicated and sonicated model membranes.

To determine if the fluorescence lifetime of ¢.€
mole percent dehydroergosterol also differed in
SUV and multilamellar liposomes, the fiuo-
rescence lifetime of dehydroergosterol in muiti-

FLUORESCENCE LIFETIMES OF DEHYDROERGOSTEROL IN DMPC MODEL MEMBRANES

MLV, multilameliar liposomes.

Vesicle Mole% Temper- L A 7 A,
type dehydro- ature

ergosterol (°C)
SuUv 0.9 26.1 0.80+0.01 100.0 0.0 0.0
MLV 09 26.1 0.87+0.01 100.0 0.0 0.0
MLV 09 199 1.43+0.01 98.7 4541036 1.3
MLV 25 19.9 1.38 £0.01 99.7 5.72+0.35 0.3
MLV 50 199 1.3940.01 99.6 8.92 +0.66 0.4
MLV 100 19.9 1.36+:0.01 99.5 9.12+0.44 0.5

2 Relative amplitudes 4, and A, were normalized to 100.0%.
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lamellar liposomes was compared to its fluo-
rescence lifetime in DMP(. SUV at a comparable
temperature above the gel-to-liquid crystalline
phase transition of DMPC. Table I presents these
results and indicates that in DMPC SUV con-
taining no cholesterol, dehydroergosterol ex-
hibited a single fluorescence lifetime whose decay
was similar in duration to its single lifetime in
unsonicated DMPC multilamellar liposomes de-
void of cholesterol. The fluorescence lifetime of
dehydroergosterol in SUV was very similar to that
reported by Schroeder et al. in POPC SUV (9]
Thus, the fluorescence lifetime of dehydro-
ergosterol did not appear sensitive to vesicle con-
figuration when compared to its steady-state fluo-
rescence anisotropy.

Table I also lists the fluorescence lifetime data
of dehydroergosterol in multilamellar liposomes as
a function of fluorophore concentration. The major
fluorescence lifetime of dehydroergosterol de-
creased slightly as membrane concentrations of
dehydroergosterol increased from 0.9 to 10.0 mole
percent. A similar observation has been reported
for dehydroergosterol in SUV [9]. The fluo-
rescence lifetime of dehydroergosterol in mem-
branes was not significantly affected by potential
sterol-sterol interactions in membrane bilayers as
fluorophore concentration was increased. In
summary, fluorescence lifetimes of dehydro-
ergosterol appeared relatively insensitive to its
membrane concentration and to its membrane
configuration. These results are consistent with

40Fa l
0
< 30
o
E
-
2
3 20
3 .»‘\‘\‘
s
§ 10
o
Q
S L
e
00 . -
15 20 25 30

Temperature, °C

lifetime decays of dehydroergostero! in other lipid
systems [6].

Effect of low membrane cholesterol on the fluores-
cence lifetime of probe levels of dehydroergosterol in
liposomes as a function of temperature

Fluorescence lifetime studies of dehydro-
ergosterol in multilamellar liposomes were mea-
sured to quantitate the effects of low cholesterol
conceiitrations on membrane structure. Previous
reports have indicated the unpolarized fluores-
cence emission and major fluorescence lifetime of
dehydroergosterol both underwent an overall de-
crease in multilamellar liposomes as the mem-
branes were heated [7,8,10]. Probe concentrations
of dehydroergosterol also undergo a sharp de-
crease in fluorescence lifetime and relative quan-
tum yield of approx. 15 percent at the gel-to-liquid
crystalline phase transition of multilamellar
liposomes, consistent with an increase in steady-
state anisotropy above this phase transition {7,10].
Cholesterol concentrations as low as 5 mole per-
cent eliminated the steady-state anisotropy in-
crease in DMPC multilamellar liposomes at 23°C,
suggesting sterol-rich regions in these membranes.
Detection of the gel-to-liquid crystalline phase
transition in DMPC SUV near 24°C has also
been observed by fluorescence intensity measure-
ments [14].

Fig. 2 presents the corresponding effect of low
membrane cholesterol on the fluorescence lifetime
of 0.9 mole percent dehydroergosterol in multi-
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Fig. 2. Fluorescence lifetime of dehydroergosterol in DMPC multilameliar liposomes as a function of temperature. (a) 5 mole percent

cholesterol, and (b) 10 mole percent cholesterol (heating curves). Closed squares represent shorter lifetime component while open

squares represent the longer lifetime component of dehydroergosterol. Standard deviations for the shorter lifetime component were
+0.04 ns or less.
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lamellar liposomes as a function of temperature.
At five mole percent cholesterol, the major flu-
orescence lifetime of dehydroergosterol again de-
creased with increasing temperature and the previ-
ously reported decrease in fluorescence lifetime at
the gel-io-liquid crystalline phase transition of
DMPC was essentially eliminated [10]. A similar
fluorescence lifetime pattern for dehydroergosterol
was observed with multilamellar liposomes that
contained 10 mole percent cholesterol (see Fig.
2b). Membrane cholesterol concentrations of 5
and 10 mole percent did not significantly affect
the duration of the second, minor fluorescence
lifetime component of dehydroergosterol whose
decay was essentially unchanged by membrane
cholesterol addition.

Fig. 3 presents the relative amplitudes of the
two fluorescence lifetime components of dehydro-
ergosterol in membranes containing 5 and 10 mole
percent cholesterol. Cholesterol did not signifi-
cantly affect the relative amplitudes of these life-
time components in multilamellar liposomes when
compared to membranes without cholesterol. This
second lifetime component was still only detected
below 24°C, or below the gel-to-liquid crystalline
phase transition of DMPC. In membranes con-
taining 10 mole percent cholesterol, the relative
amplitude of the major fluorescence lifetime of 0.9
imole percent dehydroergosterol was increased
slightly at temperatures below the gel-to-liquid
crystalline phase transition of DMPC when com-
pared to membranes with 5 mole percent
cholesterol.

The major fluorescence lifetime component of
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Fig. 3. Relative amplitudes of dehydroergosterol fluorescence lifetime components in DMPC muttilamellar liposomes as a function of
temperature. (a) 5 mole percent cholesterol, and (b) 10 mole percent cholesterol. Closed squares represent relative amplitudes of the
shorter lifetime component.

dehydroergosterol in multilamellar liposomes is
present both below and above the phospholipid
phase transition, and is thought to represent dehy-
droergosterol whose long molecular axis is parallel
to the hydrocarbon chains of the membrane phos-
pholipids [10]. The minor lifeiime component has
only been observed below the gel-to-liquid crystal-
line phase transition of DMPC when the mem-
brane bilayer is more ordered, and may represent
a distinct environment for dehydroergosterol in
multilamellar liposomes [10]. The minor lifetime
component of dehydroergosterol exhibits a similar
decay pattern in model membranes that contain
no cholesterol [8,10], and in membranes that con-
tain 5 and 10 mole percent cholesterol. The pres-
ence or absence of ie minor lifetime component
of dehydroergostero! may be dependent on the
phase of the bulk phospholipids in these mem-

TABLE II

EFFECT OF MEMBRANE CHOLESTEROL ON THE
MAJOR FLUORIESCENCE LIFETIME OF DEHYDRO-
ERGOSTEROL IN DMPC MULTILAMELLAR LIPO-
SOMES AT A TEMPERATURE BELOW AND ABOVE
THE GEL-TO-LIQUID CRYSTALLINE PHASE TRANSI-
TION

Mole% n°

cholesterol at 20°C at26°C
0 1.32 0.87
5 145 1.03

10 1.57 115

® Standard deviations for lifetime measuremesnts were +0.02
ns or less.
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brane systems. Therefore, the minor lifetime com-
ponent of dehydroergosterol can be used to report
the phase transition of the bulk phospholipids
both in the absence and presence of membrane
cholesterol.

Table 1. summarizes the effect of temperature
on the major fluorescence lifetime of 0.9 mole
percent dehydroergosterol at a temperature below
and above the gel-to-liquid crystalline phase tran-
sition of DMPC as a function of membrane
cholesteral. At identical temperatures, 5 and 10
mole percent cholesterol slightly increased the
major fluorescence lifetime of dehydroergosterol
when compared to membranes without cholesterol,
and this increase occurred at temperatures both
below and above the phase transition temperature
of DMPC. Neither membrane cholesterol or dehy-
droergosterol significantly altered the fluorescence
lifetime of dehydroergoesterol in multilamellar
liposomes at concentrations up to 10 mole percent
sterol, consistent with previous results [6].

Time-correlated fluorescence anisotropy decays of
dehydroergosterol in multilamellar liposomes in the
absence and presence of 5 mole perceni cholesters!
Time-correlated fluorescence anisotropy mea-
surements can yield information on the dynamic
properties of fluorescent membrane probes since
these studies detect decay of fluorescence ani-
sotropy on the nanosecond time scale. The time-
correlated decay of fluorescence anisotropy can
reveal physical characteristics of the local mem-
brane environment. Membrane effects on the rota-
tional correlation time (¢), and limiting ani-
sotropy (r,) observed at times much longer than
the fluorescence lifetime, can yield information on

10 -{_{ﬁi h {_H )

0.0 -
16 20 24 28

Temperature, °C
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the rotational motion and local environment of a
membrane fiuorophore, respectively.

Time-correlated fluorescence anisotropies of 0.9
mole percent dehydroergosterol in unsonicated
DMPC multilamellar liposomes were :nitially
analyzed with membranes that contained no mem-
brane cholesterol. Fig. 4a presents the effect of
temperature on the rotational correlation time of
0.9 mole percent dehydroergosterol in multilamel-
lar liposomes at temperatures that included the
gel-to-liquid crystalline phase iransition of DMPC.
Dehydroergosterol exhibited a single rotational
correlation time near 1 ns both below and above
the phospholipid phase transition of DMPC.
Within the temperature range of 15°C to 30°C,
the rotational correlation time of dehydro-
ergosterol in multilamellar liposomes without
cholesterol was essentially independent of temper-
ature. The rotational correlation time decayed to a
finite, positive anisotropy over the measured time
span of 35 ns indicating the fluorescence decay in
multilamellar liposomes was best described as a
single rotational correlation time plus a constant.

Fig. 4b presents the time-correlated anisotropy
decay of dehydroergosterol as a function of tem-
perature in multilamellar liposomes that contained
5 mole percent cholesterol. The time-correlated
depolarization of dehydroergosterol exhibited a
pattern similar to that of membranes without
cholesterol. However, a slightly longer rotational
correlation time was measured below approxi-
mately 21°C in membranes containing 5 mole
percent cholesterol.

Fig. 5a summarizes the effect of temperature on
the limiting anisotropy of dehydroergosterol in
multilamellar liposomes without cholesterol. Al-
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Fig. 4. Rotational correlation time of dehydroergosterol in DMPC multilamellar liposomes as a function of temperature. (a) No
membrane cholesterol, and (b) 5 mole percent cholestcrol.
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Fig. 5. Limiting anisotropy (r,) of the single rotational correlation time of dehydroergosterol in multilamellar liposomes. (a) No
membrane cholesterol, and (b) 5 mole percent cholesterol.

though the short fluorescence lifetime and rota-
tional correlation time of dehvdroergosterol in
multilamellar liposomes did not afford a precise
analysis of 7, values, the r, of dehydroergosterol
decayed to a positive, finite value which decreased
with increasing temperature. A sharp decrease in
r,, was observed near the gel-to-liquid crystalline
phase transition of DMPC. The r,, of dehydro-
ergosterol in multilamellar liposomes was signifi-
cantly different from its decay in solvents such as
mineral cil or glycerol where complete randomiza-
tion of polarized fluorescence was detected over a
similar time span [8,10]. Decay of anisotropy to a
finite, positive value suggested hindered rotational
diffusion of dehydroergosterol, and in turn, order-
ing of dehydroergosterol in multilamellar lipo-
somes. At temperatures above the DMPC phase
trar-ition, rotational motion of 0.9 mole percent
dehydroergosterol appeared relatively less
hindered as the phospholipid membrane bilayer
entered the less ordg¢red liquid crystalline state.
These results suggested the r, oi 0.9 mole percent
dehydroergosterol was monitoring the phase be-
havior of the bulk phospholipids in membranes
devoid of cholesterol.

Fig. 5b presents corresponding r,, values of 0.9
mole percent dehydroergosterol in unsonicated
membranes of 5 mole percent cholesterol as a
function of temperature. The 7, again decayed to
a constant value. However, r,, was not signifi-
cantly affected by temperature suggesting that five
mole percent membrane cholesterol essentially
eliminated the ability of r_ to detect the gel-to-
liquid crystalline phase transition of DMPC

Cholesterol also increased the r, of dehydro-
ergosterol above the phase transition of DMPC.
This observation suggesied 5 mole percent
cholesterol increased the motional order of mem-
branes whose phospholipids were above the phase
transition temperature. A similar effect of
cholesterol on the r, of 1,6-diphenyl-1,3,5-
hexatriene has been reported [15].

The 74, of 0.9 mole percent dehydroergosterol
in multilamellar liposomes was largely unaffected
by temperature (data not shown). However, the
roy of dehydroergosterol in multilamellar lipo-
somes appeared lower than in solvents under simi-
lar instrumental conditions [10], in glycerol (8],
and in sonicated POPC vesicles where reported
values approached 9.385 [9]. The results with mul-
tilamellar liposomes suggested some fluorescence
depolarization may have occurred in membranes
that was not observable on the nanosecond time
scale. A similar observation has been reported in
human serum LDL labeled with dehydro-
ergosterol |6] and in macrophage membranes
labeled with 1,6-diphenyl-1,3,5-hexatriene [16].

Calculations of dehydroergosterol motional
order parameters utilizing r, estimated from
time-correlated fluorescence data and r; equal to
0.385 [12] indicated S values near 0.6 below the
gel-to-liquid crystalline phase transition, and 5
values near 0.5-0.4 above the phase transition of

nsonicated multilamellar liposromes without
cholesterol. S values near 0.6 were also calculated
for membranes containing 5 mole percent
cholesierol. These motional order parameters
qualitatively agree with those of membranes con-
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taining low membrane cholesterol whose probe
reporter groups are located near the polar region
of phospholipid bilayers [17].

In summary, the time-correlated data indicated
that dehydroergosterol exhibited a rapid rota-
tional rate within the restricted phospholipid en-
vironment of DMPC. The time-correlated results
are also consistent with steady-state anisotropies
of dehydroergosterol in DMPC multilamellar lipo-
somes [7] since a time-averaged steady-state ani-
sotropy slightly above r,, would be predicted for a
fluorescent probe that essentially exhibited a single
exponential lifetime decay [18]).

Discussion

The objectives of this study were to quantitate
the effects of low membrane cholesterol on mem-
brane structure in unsonicated membranes by
steady-state, lifetime, and time-correlated fiuores-
cence anisotropy studies and to determine poten-
tial differences of sterol environments in multi-
lamellar liposomes and SUV at low membrane
sterol concentrations. The decreased absorption
coefficient of dehydroergosterci suggested probe—
probe interactions in multilamellar liposomes
where the rigid chromophore of dehydroergosterol
was ordered by its phospholipid environment [7,8],
and formed sterol-rich regions in membranes at
concentrations near 5 mole percent or greater
[7-9]. In contrast, low concentrations of dehydro-
ergosterol in solution are not ordered by phos-
pholipid bilayers and may randomly orient in
solvent. Since intensity of the absorption band of
a chromophore is proportional to the size of its
corresponding transition dipole [19], dehydro-
ergosterol may exhibit a smaller transition dipole
in multilamellar liposomes than in solvents since
membrane-induced sterol-sterol interactions may
decrease the transition dipole due to phospholipid
ordering of sterol and subsequent sterol segrega-
tion from bulk membrane phospholipids at low
membrane s.:rol concentration [7]. This mem-
brane orientation would favor interactions be-
tween dehydroergosterol chromophores.

Transit:sn dipole moments induced by absorp-
tion of light in neighboring dehydroergosterol rings
may then induce transition dipole moments in the
originally excited sterol that may oppose the tran-

sition dipole moment directly induced by light,
similar to tize effect observed in stacked nucleotide
bases of DNA [20]. While the immediate mem-
brane environment that solvates dehydro-
ergosterol may also affect its absorptive properties
in bilayers, the lowered absorption coefficient of
dehydroergosterol in DMPC multilamellar lipo-
somes is consistent with sterol-sterol interactions
that may either not occur in less ordered solvents
or may occur to a lesser extent.

The effect of dehydroergosterol concentration
on its steady-state anisotropy further suggested
sterol-sterol interactions occurred in multilamel-
lar liposomes at low membrane sterol concentra-
tions. The physical effects of low dehydro-
ergosterol concentrations in multilamellar lipo-
somes were analogous to the anisotropy changes
induced by membrane cholesterol in multilamellar
liposomes at similar concentrations [7]. Thus, the
sterols dehydroergosterol and cholesterol both ex-
erted measurable physical changes in multilamel-
lar liposomes at concentrations near 5 mole per-
cent.

The steady-state anisotropy of dehydroergoste-
rol in unscnicated multilamellar liposomes con-
trasts with the concentration-dependent depolari-
zation of dehydroergosterol in SUV where
Schroeder et al. [9] reported dehydroergosterol
steady-state fluorescence anisotropy was not sig-
nificantly altered below approx. 5 mole percent
dehydroergosterol. Above this fluorophore con-
centration, depolarization of dehydroergosterol
readily occurred [9). Based on the ability of dehy-
droergosterol to decrease its steady-state ani-
sotropy in membranes, dehydroergosterol fluores-
cence anisotropy may reflect sterol-sterol interac-
tions in multilamellar liposomes, but at lower
membrane fluorophore concentrations than in
SUV.

The differential effect that increased dehydro-
ergosterol concentrations exerted on its steady-
state fluoresccnce anisotropy in multilamellar
liposomes and 353UV may have several possible
explanations. One interpretation is based on dif-
ferences in surface curvature between multilamel-
lar liposomes and SUV. Multilamellar liposomes
possess a significantly less curved surface than the
much smaller, one bilayer thick membranes of
SUV. The lower steady-state fluorescence ani-



sotropy in multilamellar liposomes could repre-
sent differences in packing of sterols with phos-
pholipids in SUV and multilamellar liposomes
based on the larger radius of curvature in multi-
lamellar liposomes. Comparative circular dichro-
ism spectra of dehydroergosterol in multilamellar
liposomes and SUV indicated that dehydro-
ergosterol yielded significant differences in cir-
cular dichroic spectra due to asymmetry of sterol
packing with phospholipids across SUV and mul-
tilamellar liposomes of PC [21). Yeagle et al. con-
cluded that packing of sterol with phospholipids
across bilayer leaflets of multilamellar liposomes
was less asymmetric than across corresponding
SUYV bilayer leaflets [21].

A second interpretation of the lowered steady-
state fluorescence anisotropies in multilamellar
liposomes is based on differences in formation of
multilamellar liposomes and SUV. Multilamellar
liposomes are thought to undergo osmotic com-
pression due to solute exclusion upon formation
by hydration of dried films [22]. In contrast, SUV
formation by sonication will likely insure uniform
mixing of membrane components and solute as
suggested by fluorescence quenching studies [6]
and by proton nuclear magnetic resonance studies
[23] of membranes containing low membrane
sterol. In contrast, the solute exclusion unique to
multilamellar liposomes may expand or shrink
these concentric bilayr.rs to accommodate the stress
[22] potentially causing uneven membrane distri-
bution of dehydroergosterol upon hydratior. This
osmotically-incuced distribution of dehydro-
ergosterol in multilamellar liposomes could result
in localized dehydroergosterol concentrations able
tc decrease steady-state anisotropies at lower de-
hydroergosterol concentrations in multilamellar
liposomes than in SUV. This uneven distribution
could affect relative membrane order as suggested
by the lowered anisotropy of dehydroergosterol in
liposomes.

Although the absorption and emission spectra
of dehydroergosterol in multilamellar liposomes
overlap, the concentration-dependent steady-state
depolarization of dehydroergosterol in multilamel-
lar liposomes may not be caused by homotransfer
since neither unsonicated or sonicated membranes
containing dehydroergosterol undergo a red edge
effect [8,9). Lifetime changes may not fully explain
the depolarization since increased concentrations
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of dehydroergosterol caused a very small change
in its fluorescence lifetime in multilamellar lipo-
somes while significantly decreasing its steady-
state anisotropy. A possible mechanism for the
depolarization of low dehydroergosterol con-
centrations in multilamellar liposomes consists of
a concentration-dependent quenching of dehydro-
ergosterol fluorescence in membranes that is based
on its ability to self-aggregate within the ordered
phospholipid bilayer environment. A self-quench-
ing mechanism for dehydroergosterol fluorescence
has been proposed in SUV at membrane fluoro-
phore concentrations above 5 mole percent [9].

Fluorescence lifetimes of dehydroergosterol in
unsonicated membranes indicated low levels of
cholesterol essentially obliterated the sharp drop
in fluorescence lifetime previously measured at the
gel-to-liquid crystalline phase transition of DMPC.
These results further indicated dehydroergosterol
was laterally phase separated in muliilamellar
liposomes at 5 mole percent cholesterol or higher
and unable to detect the bulk phospholipid phase
transition near 23°C.

The duration of the single rotational correlation
time of dehydroergosterol in multilamellar lipo-
somes at temperatures near the phospholipid phase
transition was not significantly altered by the gel-
to-liquid crystalline phase transition in mem-
branes devoid of cholestero! or by low concentra-
tions of membrane cholesterol. However, a slightly
shorter rotational correlation time in liquid-crys-
talline DMPC bilayers containing 5 mole percent
cholesterol is consistent with cholesterol effects on
depolarization of 1,6-diphenyl-1,3,5-hexatriene in
large unilamellar PC vesicles [24], and in sonicated
vesicles [25). Furthermore, the loss of sensitivity of
r,, of dehydroergosterol to bulk phase changes of
the phospholipids in multilamellar liposomes con-
taining 5 mole percent cholesterol further sug-
gested that cholesterol formed sterol-rich regions
in multilamellar liposomes.

The decreased r,, of dehydroergosterol in mul-
tilamellar liposomes without cholesterol at tem-

. peratures above 23°C did not result in a shorter

rotational correlation time. Thus, the decreased
motional order of the bulk phospholipids of multi-
lamellar liposomes did not significantly alter the
rate of dehydroergosterol rotation in these mem-
branes.

The rotational correlation time of dehydro-
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ergosterol in multilamellar liposomes was slightly
longer in duration (lower rotational rate for dehy-
droergosterol in multilamellar liposomes) when
compared to POPC SUV [9], and could be ex-
plained by inherent differences in the two types of
membrane systems studied. The possibilities in-
clude radius of curvature effects on cholesterol
packing in multilamellar liposomes and SUV,
potential osmotic effects in multilamellar lipo-
somes, or temperature effects on the l'mid matriv
states of the two membrane systems.

In summary, differences in steady-state fluo-
rescence properties of dehydroergosterol in SUV
and multilamellar liposomes were observed that
suggested potential sterol-sterol interactions in
multilamellar liposomes at lower concentrations
than in SUV. Fluorescence lifetimes and rota-
tional correlation times in multilamellar liposomes
were qualitatively similar to those observed with
SUYV [9]. Time-correlated fluorescence studies fur-
ther suggested that low membrane concentrations
of dehydroergosterol exhibited a rapid rotational
rate within the ordering environment of multi-
famellar liposomes. This study indicates dehydro-
ergosterol is a promising molecule for the study of
sterol dynamics in model membranes which can
yield important information on sterol interactions
with other membrane sterols, membrane phos-
pholipids, and membrane proteins.
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