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The fluorescent sterol A5~7~g*~“)-cholestatrien-3&ol (cholestatrienol) was incorporated into l-pahnitoyl-2-oleoyl-phosphatidylcholine 
(POPC) small unilamellar vesicles (WV) with and without cholesterol in order to monitor sterol-sterol interactions in model 
membranes. Previously another fluorescent sterol, dehydroergosterol (F. Schroeder, Y. Barenholz, E. Gratton and T.E. Thompson, 
Biochemistry 26 (1987) 2441), was used for this purpose. However, there is some concern that dehydroergosterol may not be the best 
analogue for cholesterol. Fluorescence properties of cholestatrienol in POPC SW were highly sensitive to cholestatrienol purity. The 
fluorescence decay of cholestatienol in the POPC SUV was analyzed by assuming either that the decay is comprised of a discrete 
sum of exponential components or that the decay is made up of one or more component’s distribution of lifetimes. The decay for 
cholestatrienol in POPC SUV analyzed using distributions had a lower x2 value and was described by a two-component Lorentzian 
function with centers near 0.86 and 3.24 ns, and fractional intensities of 0.96 and 0.04, respectively. Both distributions were quite 
narrow, i.e., 0.05 ns full-width at half-maximum peak height. It is proposed that the two lifetime distributions are generated by 
separate continua of environments for the cholestatrienol molecule described by different dielectric constants. In the range O-6 mol% 
cholestatrienol, the cholestatrienol underwent a concentration-dependent relaxation. This process was characterized by red-shifted 
absorption and maxima and altered ratios of absorption and fluorescence excitation maxima. Fluorescence quantum yield, lifetime, 
steady-state anisotropy, limiting anisotropy and rotational rate remained constant. In contrast, in POPC vesicles containing between 
6 and 33 mol% cholestatrienol, the fluorescent cholestatrienol partially segregated, resulting in quenching. Thus, below 6 mot% 
cholestatienol, the cholestatrienol appeared to behave in part as monomers exposed to some degree to the aqueous solvent in a 
sterol-poor domain within POPC bilayers. Sin= the lifetime did not decrease above 6 molX cholestatrienol, the fluorescence at high 
mol% values of cholestatrienol was due to cholestatrienol in the sterol-poor domain. The fluorescence intensity, quantum yield, 
steady-state anisotropy, and limiting anisotropy of cholestatrienol in the sterol-poor domain decreased to limiting, nonzero values 
while the rotational rate increased to a limiting value. Thus, the sterol-poor domain became more disordered when it coexisted with 
the sterol-rich domain. In POPC vesicles containing 3 mol% cholestatrienol plus increasing mol% cholesterol the two sterols 
codistributed, since fluorescence quenching was not observed. Above 6 mol% total sterol the cholestatrienol was sensitive to sterol 
motional properties in the laterally segregated sterol-rich domain. The sterol-rich domain became more rigid with increasing 
cholesterol content of the POPC SUV. The data are consistent with the presence of a relatively ordered sterol-rich domain and a 
relatively sterol-poor polarity-sensitive domain coexisting in fluid-phase phospholipid vesicles. In conclusion, cholestatrienol and 
dehydroergosterol both appear to be sensitive probe molecules for monitoring cholesterol dynamics in membranes. 
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1. Introduction 

Cholesterol has a central role in modulating the 
structure and properties of biological membranes. 
Elucidation of cholesterol-cholesterol interactions 
as well as the interactions of choiesterol with ather 
membrane components includes cholesterol lateral 
phase separation, and cholesterol-phospholipid 
and cholesterol-protein interactions [ 11. Previ- 
ously, identification of suitable probe molecules 
which, when inserted into membranes, accurately 
mimic the behavior of cholesterol was a major 
difficulty. More recently, fluorescent analogues of 
cholesterol such as dehydroergosterol have been 
utilized [l-3]. Although dehydroergosterol closely 
resembles ergosterol in structure, is nontoxic to 
cultured cells [4,5] and microorganisms [6,7] and is 
even biologically synthesized [8,9], there is some 
concern that it may not be the best analogue of 
cholesterol. Dehydroergosterol is oxidized poorly 
by cholesterol oxidase [4], more dehydroergosterol 
than cholesterol is required to abolish the phase 
transition of dipalmitoylphosphatidylcholine [4], 
and dehydroergosterol reduces the permeability of 
egg phosphatidylcholine vesicles less well than 
cholesterol [9]. In addition, side chain alkylated 
derivatives similar to dehydroergosterol are ab- 
sorbed more slowly by the intestinal brush border 
[lo]. In contrast, A5,7*9”‘)-cholestatrien-3/3-ol, 
another fluorescent sterol, more closely resembles 
cholesterol in structure than dehydroergosterol. 
Cholestatrienol is highly incorporated into LM 
fibroblast membranes without detrimental effect 
on the activity of cholesterol-sensitive enzymes 
such .as (Na+ + K+)-ATPase and 5’-nucleotidase 
(F. Schroeder, unpublished observation). This flu- 
orescent sterol has also been used to investigate 
the properties of cholesterol in very low density 
lipoproteins, low density and high density lipopro- 
teins, red blood cell membranes (reviewed in ref. 
1) and liposomes [6]. However, problems of insta- 
bility and decomposition have hampered the use 
of cholestatrienol[6] in contrast to the more stable 
dehydroergosterol [ll], as a fluorescent analogue 
of cholesterol. The problems of cholestatrienol 
instability have recently been resolved by HPLC 
purification of the cholestatrienol [12]. 

In this paper, we report the use of cholestatri- 
enol to investigate sterol-sterol and sterol-phos- 

pholi&d interactions in 1-palmitoyl-2-oleoylphos- 
phatidylcholine (POPC)’ small unilamellar vesicles 
(SUV). In particular, fluorescence lifetime analysis 
in combination with multifrequency phase and 
modulation spectroscopy allows resolution of 
sterol heterogeneity in POPC SUV. Previously, 
fluorescence decay of probe molecules such as 
diphenylhexatriene [13], parinaric acid [14-181, 
and dehydroergosterol [2,19] was represented by 
the sum of discrete exponential terms. However, 
more recent data indicate that a continuous distri- 
bution of decay rates may better describe the 
behavior of diphenylhexatriene [20,21] and 
parinaric acid [22] as opposed to a sum of discrete 
exponential terms. The basic rationale for such an 
approach, applied to cholestatrienol herein, is that 
the fluorescence probe molecules exist in a variety 
of positions perpendicular to the bilayer. In each 
position the probe may be characterized by a 
different lifetime value. In addition, the probes 
can undergo rapid translational and rotational 
motion. 

2. Materials and methods 

2.1. Reagents 

1-Palmitoyl-2-oleoylphosphatidylcholine was 
purchased from Avanti Biochemicals (Birming- 
ham, AL). Cholesterol was obtained from Mann 
Research Labs (New York, NY). These lipids were 
checked for purity by thin-layer chromatography 
and stored in sealed ampoules under N, at 
- 70 o C. Cholestatrienol was synthesized and 
purified by HPLC as described previously [12]. 
Purity was confirmed by high-performance liquid 
chromatography, absorbance peak ratios, and 
comparison with cholestatrienol standards ob- 
tained from Frarm Scientific (Columbia, MO). 

2.2. Preparation of liposomes 

Small unilamellar vesicles were prepared from 
POPC, cholesterol, and cholestatrienol exactly as 
described earlier [2]. Sonication was always per- 
formed under N, and above the phase transition 
temperature of the matrix phospholipid. The re- 
sulting SW were separated from large vesicles 
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and multilamellar liposomes by differential ultra- 
centrifugation for 2 h with a 40 Ti rotor and L7-55 
ultracentrifuge (Beckman Instruments Fullerton, 
CA) as described earlier (23). The yield of POPC 
SUV in the supernatant in the presence of choles- 
tatrienol decreased from approx. 60% at OS mol% 
fluorescent sterol to 20% at 60 mol% sterol. This 
decrease was similar to that obtained in the for- 
mation of POPC SUV with increasing mol% 
cholesterol (data not shown) or with increasing 
mol% dehydroergosterol [2]. 

2.3. Lipid composition 

The lipid composition of the SUV was ex- 
amined in order to determine if the fluorescent 
sterol and cholesterol were incorporated into SUV 
in the same proportion (sterol: POPC) as was 
present in the starting mixture prior to sonication. 
The lipid composition of the SUV was determined 
as described earlier [2]. Stigmasterol or ergosterol 
was added as an internal standard prior to lipid 
extraction, and separation of neutral lipids from 
phospholipids by silicic acid chromatography [24]. 
Sterols were resolved both by analytical high-per- 
formance liquid chromatography [12] and by flu- 
orescence analysis. In the latter method, the fluo- 
rescent cholestatrienol was quantitated by dissolv- 
ing the neutral lipid fraction in ethanol, determin- 
ing fluorescence or absorbance at 325 nm excita- 
tion (376 nm emission) as described below and 
comparing fluorescence intensities to those of a 
standard curve for cholestatrienol, also in ethanol. 
Cholestatrienol was incorporated into POPC SUV 
vesicles exactly in the same molar proportion as 
initially present prior to sonication. Plots of 
(measured mol% fluorescent sterol) vs. (starting 
mol% fluorescent sterol) were linear with a slope 
of 1.0 for cholestatrienol. 

2.4. Fluorescence spectroscopy 

Fluorescence parameters were measured as de- 
scribed earlier [2]. Light scattering was reduced by 
using dilute samples and by using Janos GG-375 
or Schott KV-370 sharp cut-off filters in the emis- 
sion system. Where light scattering was detectable, 
fluorescence intensities were corrected by sub- 

tracting the signal of an analogous vesicle prepara- 
tion containing cholesterol instead of fluorescent 
sterol. The scattering correction was always less 
than 2%. 

Steady-state fluorescence polarization, P, was 
determined in the L format using an SLM 4800 
subnanosecond spectrofluorometer (SLM Instru- 
ments, Urbana, IL) modified to become a continu- 
ously variable (l-250 MHz) phase and modula- 
tion fluorometer (ISS, Urbana, IL). In determina- 
tion of polarization,, light scattering was reduced 
as described above. In addition, samples were 
serially diluted and polarization was measured 
and then extrapolated to zero absorbance [25,26]. 
The steady-state polarization, P, was corrected for 
excitation system-induced anisotropies [27]. 

2.5. Lifetime determination 

Fluorescence lifetimes were measured by phase 
and modulation with two types of instruments: a 
multifrequency phase and modulation fluorometer 
(l-300 MHz), described elsewhere [28] or the SLM 
4800 modified to l-250 MHz (ISS, Urbana) de- 
scribed above. These instruments are based on the 
cross-correlation principle introduced by Spencer 
and Weber [29]. An He/Cd laser (model 4240NB, 
Liconix, Sunnyvale, CA), whose emission intensity 
at 325 nm was modulated sinusoidally with a 
Pockels cell, was the light source. The excitation 
and emission polarizers were set at 0” and tbe 
magic angle, 55 O, respectively. Usually 14 mod- 
ulation frequencies were utilized: at each frequency 
both phase and modulation of the fluorescence 
were determined with respect to a glycogen scatter 
solution or to a dimethyl-POPOP solution in 
ethanol. Scattered light was observed after it 
passed through an interference filter. Emission 
was observed through a Janos GG-375 or Schott 
KV-370 sharp cut-off filter. Data were collected 
with an ISSOl or ISS187 interface (ISS, 
Champaign, IL), by an IBM PC computer with 
math coprocessor and 20 MByte Seagate hard disk 
drive. 

2.6. Lifetime nonlinear least-squares analysis 

Fluorescence lifetime data analysis was per- 
formed with the above computer system using a 
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nonlinear least-squares routine for multiexponen- 
tial fitting [30] and ISSOl software (ISS, Urbana). 
In the nonlinear least-squares method, the data 
were fitted to one or multiple exponential terms. 
In the latter case, each term was characterized by 
a lifetime r and a fractional intensity f. The 
reduced chi squared (x2) parameter was utilized 
as described by Lakowicz et al. [20] to judge the 
quality of the fit. The error in each parameter was 
determined using a covariance matrix of errors 
[31]. The statistical analysis does not attribute 
physical significance to the parameters but only 
ensures that the data fit the model used. 

2.7. Lifetime distributional analysis 

Lifetime distributional analysis [32] was per- 
formed using ISS187 software (ISS, Urbana). The 
derivation for continuous distribution of lifetime 
values in frequency-domain fluorometry is re- 
ported elsewhere [20]. The data were fitted to 
several distributions including uniform, Gaussian 
and Lorentzian types. A Lorentzian continuous 
distribution gave the best fit (lowest x2). The 
Lorentzian function used was as follows: 

f(r)=A/{l+ Kr-C)/tw/z)l’} 0) 

where C is the center position of the distribution, 
W the width of the distribution at half-height, r 
the lifetime and f(7) represents the lifetime distri- 
bution. The constant A can be obtained from the 
normalization condition. 

For both nonlinear least-squares and continu- 
ous distributional analysis the ISS187 program 
minimized the reduced x2 defined by: 

SM12)/(2n -f- 1) (2) 

where the subscripts C and M indicate the calcu- 
lated and measured values, respectively, of phase 
and modulation, n is the number of frequencies 
employed, f the number of free parameters, and 
Sp and SM the standard deviations of each phase 
and modulation determination, respectively. These 
standard deviations do not depend on the modula- 
tion frequency and are constant for each de- 

termination in phase fluorometry [33]. Therefore, 
they factor out in the x2 expression. The mini- 
mum value of x2 is not dependent on a common 
multiplicative factor, 

2.8. Rotational analysis 

Differential polarized phase fluorometry was 
used to obtain R, the rotational rate (radian/s) 
and r,, the limiting anisotropy, of cholestatrienol 
fluorescence in POPC SUV membranes according 
to the theory developed by Weber [34] and ex- 
tended by Lakowicz et al. [35]. In the curve-fitting 
procedure, the values of r,, the anisotropy in the 
absence of rotational motion, r,, and 9, the rota- 
tional correlation time (in ns), were floating 
parameters. The rotational rate (radian/s) equals 
(69)-l- This procedure utilized differential 
polarized phase and modulation data obtained at 
14 frequencies between 10 and 250 MHz. Values 
of limiting anisotropy and rotational rate obtained 
thereby differ from those obtained by an earlier 
method [35,36]. In the earlier method only a single 
fixed frequency and a fixed r, = 0.385 (determined 
at 324 nm excitation according to the conditions 
described by Shinitzky and Barenholz [37]) were 
utilized. The He/Cd laser line at 325 um was used 
as the cholestatrienol excitation wavelength. 

Photobleaching is a potential problem associ- 
ated with fluorescence measurement of many fluo- 
rophores. Over a 2 h time period, during which 
cholestatrienol in POPC SUV was exposed to 
strong ultraviolet light (450 W xenon lamp or 
He/Cd laser), the relative fluorescence intensity 
of the cholestatrienol (2 mol%) did not diminish 
significantly (99 * 3 vs. 97 Ifr 4). 

3. Results 

3.1. Exponential lifetime analysis of cholestatrienol 
in POPC SUV 

Multifrequency (l-250 MHz) phase and mod- 
ulation spectrofluorometers were utilized to de- 
termine whether cholestatrienol has one or multi- 
ple lifetime components (table 1). The number of 
fluorescent lifetime components was highly depen- 



F. Schroeder et al. / Fluorescent sterols in membranes 61 

Table 1 

Effect of cholestatrienol purity on lifetime analysis in POPC 
suv 

Lifetime of 2 mol$ cholestatrienol in POPC SW was mea- 
sured at 24°C by phase and modulation techniques at 5, 10, 
20, 30,4O, 50,60,70, SO, 90,100, 115,120, 140 and 150 MHz. 
The number of lifetime components was determined by nonlin- 
ear least-squares analysis. F refers to fixed in the analysis. 
Fraction and a: refer to fractional fluorescence and mole 
fraction, respectively. 

Sample Corn- Lifetime Fraction OL x2 
purity PO- 
@) nent 

86% 1 0.503f0.055 0.293f0.026 0.852 4.31 
(reclys- 2 2.364f 0.309 0.181 kO.026 0.112 
talked) 3 12.306f 1.019 0.270 F 0.032 

4 86.0O0 F 0.256 F o.OO4 

99% 1 0.829 f 0.004 0.960 & 0.003 0.99 1.80 
(HPLC) 2 3.O4 f 0.270 OD4O~OBO3 0.01 

dent on cholestatrienol purity with as many as 
four lifetime components being resolved by non- 
linear least-squares analysis (x2 = 4.3) of impure 
cholestatrienol in POPC SUV (86% purity as indi- 
cated by HPLC and by the mole fraction a, see 
table 1). Attempts at fitting the data for impure 
cholestatrienol to three, two, or one exponential 
components resulted in x2 values of 99, 198 and 
411, respectively. It should be noted that for cho- 
lestatrienol a purity of 86% is typical for that 
achieved by standard recrystallization techniques 
[38] prior to the advent of preparative HPLC 
purification procedures [12,19]. In addition, we 
have shown elsewhere [12] that cholestatrienol 
purified by the recrystallization procedure [12] 
was very unstable such that at 24°C oxidation 
products in ethanol solution increased 6-fold in 
quantity within 2-3 h. In contrast, samples of 
cholestatrienol purified by preparative HPLC [12] 
were stable even after 3 months storage at - 70 o C 
in ethanol and up to 2 years as white crystals 
under N, at - 70 O C. The HPLC-purified choles- 
tatrienol (99% pure according to HPLC and to 01, 
the mole fraction, of lifetime component 1, see 
table 1) displayed two components near 0.829 and 
3.04 ns (x2 = 1.8), respectively, in POPC SUV 
(fig. 1). The theoretical curve for a two-exponen- 
tial nonlinear least-squares fit and the actual data 

points coincide very well. However, the shorter 
lifetime component comprised 96% fractional in- 
tensity (99 mol%). Curve fitting to one lifetime 
component yielded a much larger x2 value of 32. 

3.2. Distributional lifetime analysis of cholestatrienol 
in POPC SUV 

The same set of data analyzed above using 
discrete exponential components was also analyzed 
by using a sum of two continuous distributions of 
lifetime values characterized by a Lorentzian shape 
centered at decay times C, and C, and having 
widths W, and W,. Other distributions (uniform, 
Gaussian and single Lorentzian) were tested but 
fit the data less well. Cholestatrienol (fig. 2) showed 
a bimodal lifetime distribution with two compo- 
nents centered near 0.860 and 3.24 ns, respectively 
(x2 = 0.94). The fractional intensity contributed 
by the two components was 96 and 4%, respec- 
tively. Both the major and minor components had 
a narrow distribution with a width at half-height 
of 0.05 ns. The mean reduced x2 for choles- 
tatrienol was about 2-fold lower using the 
Lorentzian distributional analysis as compared to 
the sum-of-exponentials analysis (0.94 vs. 1.8). 
The major lifetime component of the Lorentzian 
distribution, with an average lifetime of 0.860 ns, 

1 10 100 
MODULATION FREQUENCY (MHz) 

Fig. 1. Phase and modulation lifetime data for cholestatrienol 
in POPC SUV. Cholestatrienol (3 mol%) was incorporated into 
POPC SUV and phase angle (degrees, bottom curve) or mod- 
ulation ratio (top curve) were obtained at 24O C as a function 
of modulation frequency (I-250 MHz). The solid lines indicate 
the best nonlinear least-squares two-component fit. The data 
points are the experimental values. x2 values for a one- and 

two-component fit were 31.9 and 1.80, respectively. 
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Fig. 2. Distributional analysis of cholestatrienol in POPC WV. 
All conditions were as described in the legend to fig. 1, except 

that the data were fitted to a Lorentzian distribution. 

was nearly indistinguishable from the major life- 
time component (0.829 ns) obtained by using a 
double-exponential nonlinear least-squares analy- 
sis. 

The second lifetime component of 3 molX 
cholestatrienol in POPC SUV, although small in 
fractional fluorescence (0.04), was not due to an 
artifact or contaminant of the cholestatrienol pre- 
paration. The cholestatrienol used herein was of 
purity 99% or greater as determined by HPLC. In 
ethanol, below the cholestatrienol critical micellar 

Table 2 

concentration, only a single lifetime component at 
0.392 + 0.004 ns was resolved. Above the critical 
micellar concentration in ethanol a second compo- 
nent near 5 ns appeared, with increasing fractional 
intensity at higher cholestatrienol concentrations 
above the critical micelle concentration. In ad- 
dition, the fractiqnal intensity and width contrib- 
uted by the minor component varied greatly with 
vesicle curvature. In mnltilamellar POPC vesicles, 
3 molW cholestatrienol also exhibited two lifetime 
components (C, = 0.905 I-IS, C, = 2.675 ns). How- 
ever, the cholestatrienol fractional intensity due to 
C, increased from 0.040 in POPC WV to 0.168 in 
POPC multilamellar vesicles. Likewise, the width 
of component C, (but not C,) increased from 0.05 
ns in POPC SUV to 0.174 ns in POPC multilamel- 
lar vesicles. In summary, both the exponential and 
distributional lifetime analysis are consistent with 
the presence of two discrete cholestatrienol com- 
ponents in POPC SUV. 

3.3. Dependence of lifetime on cholestatrienol con- 
centration 

Multifrequency (l-250 MHz) phase and mod- 
ulation spectrometers were utilized to determine 

Effect of increasing mol% cholestatrienol on lifetime analysis in POPC SUV ’ 

molW cholestatrienol Lifetime analysis (ns) 

Exponential (two component) b 

2 
4 

10 
50 

‘II 

0.829 iO.004 
0.865 * 0.009 
0.818*0.007 
0.901 jz 0.008 

Lorentzian (two component) c 

72 4 X2 

3.7* 1.3 0.96*0.01 1.8 
3.0f 1.7 0.96;tO.Ol 3.0 
3.1 f 1.3 0.98*0.02 2.4 
3.0* 1.9 0.99kO.01 3.0 

2 0.860 3.24 0.05 0.05 0.96 0.94 
4 0.880 3.10 ,0.05 0.05 0.97 1.90 

10 0.921 0.05 _ 1.00 1.29 
50 1.155 0.05 1.00 2.51 

a Lifetime of cholestatrienol in PQPC SUV was measured at 24 o C by phase and modulation techniques at 10, 20, 30,40, 60, 70, 80, 
90,100, 115, 120, 130, 140 and 150 MHz. Values represent the mean& SE. (n = 14). 

b or, ,a and F, represent Lifetime component 1, lifetime component 2 and fractional fluorescence of component 1, respectively, by 
nonlinear least-squares analysis. 

’ C,, C,, WI, W,, and F, represent the center of lifetime distribution 1 and 2, the peak width at half-height of distribution 1 and 2 
and the fractional fluorescence of component 1, respectively, by continuous lifetime distributional analysis 
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the effect of cholestatrienol concentration in POPC 
SUV on the distribution and lifetime of 
cholestatrienol lifetime components (table 2). 
Nonlinear least-squares analysis for a two-lifetime 
fit showed x2 values below 3 for 2-50 mol% 
cholestatrienol in POPC vesicles. The data for 2 
mol% cholestatrienol fit a nonlinear least-squares 
two-component lifetime analysis at 0.829 + 0.004 
ns (fractional intensity, 0.96) and 3.7 * 1.3 ns 
(fractional intensity, 0.04), respectively. As de- 
scribed above, the longer lifetime component with 
fractional intensity 0.04 was not due to back- 
ground fluorescence. For a one-component analy- 
sis, x2 values were consistently larger. From 2 to 

50 mol% cholestatrienol the lifetime values of pi 
increased from 0.829 to 0.901 ns while r2 re- 
mained essentially constant in the analysis. HOW- 
ever, the fractional intensity due to 72 decreased 
from 0.04 to 0.01. 

Distributional lifetime analysis indicated con- 
sistently lower x2 values than discrete exponential 
analysis (table 2). Cholestatrienol (2 mol%) in 
POPC WV had essentially a major component 
(average lifetime of 0.860 ns, width at half-height 
0.05 ns) and a smaller, longer lifetime component 
near 3.24 ns. Increasing mol% cholestatrienol de- 
creased the fractional intensity of the longer life- 
time component from 0.04 (2 mol% choles- 

\ ’ ’ ’ ’ “1 ’ ’ I I I INI I I 

o 2 4 6 8”3040 50 0 2 4 6 8”3040 50 

MOLE % CHOLESTATRIENOL 

Fig. 3. Effect of increasing mol% cholestatrienol on fluorescence properties in POPC vesicles. All determinations were performed on 
intact WV. The molW cholestattienol refers to the actual quantity of fluorescent sterol in the SUV (measured by HPLC and by 
fluorescence of the extracted neutral lipid fraction suspended in ethanol). (A) The relative fluorescence excitation intensity was 
determined at the fluorescence excitation maximum near 325 nm. (B) Absorbance spectra were determined with a Cary 210 
ultraviolet/visible spectrometer. (C) Quantum yields at 325 nm were calculated at 24°C by comparison of fluorescence and 
absorbance of the fluorescent cholestatrienol relative to a standard, 1,6-diphenyl-1,3,5-hexatriene, in benzene (quantum yield = 0.80). 
(D) Absorbance spectra were obtained as for panel B. The ratio of the absorbance maximum near 338 nm to that near 325 nm was 
taken from these spectral scans. (E) Fluorescence lifetime at 325 was determined as described in section 2. Data represent only the 
major lifetime component (fractional fluorescence 0.96). (F) Fluorescence excitation spectra were obtained with the Spex Instruments 
photon counting fluorolog spectrofluorimeter. The ratio of the relative fluorescence intensity excitation maximum near 338 nm to the 

relative fluorescence excitation maximum near 325 nm was taken from these spectral scans. 



64 F. Schroeder et al./ Fluorescent sterols in membranes 

tatrienol) to 0.00 (above 4 mol% cholestatrienol). 
The width at half-height of the two components 
was not changed. Increasing the mol% cholestatri- 
enol increased the lifetime of the major compo- 
nent from 0.8 to about 1.1 ns. In summary, both 
exponential and distributional analysis indicate 
that in the range 2-4 mol% cholestatrienol in 
POPC SUV the cholestatrienol has essentially two 
lifetime components while at greater than 4 mol% 
cholestatrienol the proportion of the second, longer 
lifetime component decreased. To test whether 
this decrease was due to a segregation of sterol 
into separate domains above 4 mol% sterol in 
POPC SUV, a series of experiments were per- 
formed as described in the following sections. 

3.4. Fluorescence spectral properties of cholestatrie- 
nol in POPC vesicles 

The fluorescence emission at 376 nm when 
excited at 324 nm was determined for different 
concentrations of cholestatrienol in POPC SUV 
vesicles. The data plotted as relative fluorescence 
per pmol cholestatrienol vs. mol% cholestatrienol 
in the SUV (fig. 3A) indicate that relative fluores- 
cence intensity/pm01 cholestatrienol, but not rela- 
tive fluorescence intensity (which decreased), was 
constant with increasing mol% cholestatrienol un- 
til about 6 mol%. Between 6 and 30 mol% the 
relative fluorescence/pmole cholestatrienol de- 
creased approx. 75%. At greater than 30 mol%, the 
fluorescence of cholestatrienol decreased more 
slowly, apparently to a limiting value near 10% of 
the maximal value. 

Three changes in absorbance at low mol% fluo- 
rescent sterol are also noted. First, for 0.5 ‘mol% 
cholestatrienol the major absorption maximum in 
POPC SUV occurred at 324.9 nm; with increasing 
mol% fluorescent stir01 the absorption maximum 
was red shifted. This shift was 1.8 nm near 6 mol% 
cholestatrienol. At higher sterol concentrations, no 
further shift was observed (fig. 3B). Second, there 
was a change in the ratio of absorbance at 338 nm 
to that at 325 nm (fig. 3D) from 0.66 to 0.73 and 
fluorescence excitation at 338 and 325 nm (fig. 
3F) from 0.66 to 0.61. The ratio of absorbance at 
338 nm/325 nm increased for cholestatrienol until 
6 mol% fluorescent sterol. The ratio of fluores- 

cence excitation peak intensities, in contrast, de- 
creased (due to the lower fluorescence emission of 
this molecule at 338 nm than at 325 nm) until 6 
mol% fluorescent sterol. Third, the absorbance at 
325 nm increased linearly with increasing mol% 
cholestatrienol until about 6 mol% (data not 
shown). Since the absorbance at 325 nm and the 
relative fluorescence intensity at 325 nm both 
increased linearly with increasing molW cholesta- 
trienol up to 6 mol%, the cholestatrienol quantum 
yield should be constant between 0 and 6 mol% 
cholestatrienol. As shown in section 3.5, this was 
indeed the case. 

3.5. Effect of cholestatrienol concentration in POPC 
SUV on quantum yield 

The relative quantum yield of cholestatrienol in 
POPC SUV (fig. 3C), measured relative to diphen- 
ylhexatriene in benzene (quantum yield 0.80 at 
24’C), was constant near 0.53, up to 6 mol% 
fluorescent sterol (fig. 3E). At concentrations 
higher than 6 mol% fluorescent sterol, the relative 
quantum yield decreased to a nonzero limiting 
value of 0.20 near 33 mol% sterol. In contrast, as 
described above, between 0 and 50 mol% choles- 
tatrienol the lifetime of cholestatrienol did not 
decrease. This suggests a highly efficient quench- 
ing process for cholestatrienol above 6 mol% 
cholestatrienol. 

3.4. The red edge effect 

The steady-state fluorescence anisotropy of 
cholestatrienol was constant up to 6 mol% fluo- 
rescent sterol in POPC SUV (fig. 4A). This result 
is not consistent with sterol-sterol aggregation be- 
low 6 mol% sterol. The steady-state anisotropy of 
cholestatrienol decreased from 0.210 at 6 mol% to 
0.113 at 33 mol%. At higher (above 33 mol%) 
concentrations of cholestatrienol the steady-state 
anisotropy reached a limiting value near 0.106. If 
depolarization. is caused by homotransfer between 
cholestatrienol molecules (self-quenching), then 
this depolarization should be eliminated by excita- 
tion at the red edge of the absorption spectrum 
[2,6,39,40]. The data in table 4 indicate that 
cholestatrienol concentration quenching resulting 



F. Schroeder et al./Fluorescent sterols in membranes 65 

MOLE % CHOLESTATRIENOL 

Fig, 4. Effect of mol% cholestatrienol on anisotropy and rota- 
tional rate of cholestatrienol in FQPC vesicles. (A) Steady-state 
anisotropy was measured using the T-format SLM fluorimeter 
as described in section 2. (B) All parameters were determined 
by multifrequency phase and modulation techniques at 14 
different frequencies as described in section 2. Limiting ani- 

sotropy (O- 0); rotational rate (A -A). 

in decreased anisotropy was noted both at the red 
edge of the absorption spectrum (356 nm) and at 
the major absorption maximum (325 run), indicat- 

Table 3 

The red-edge effect for cholestatrienol self-quenching in POPC 
SW 

Fluorescence emission was rneasurcd at 376 run. Values rcpre- 
sent the mean _I SE. (n = 3). 

mol% Steady-state anisotropy 

cholestatlienol PCWC 325 Inn 356 run 

2 98 0.2101tO.004 0.203 f0.003 
42 48 0.109~0.002 0.112~0.003 
55 45 0.102*0.001 0.105 *0.003 

ing the absence of a red edge effect and the 
absence of homotransfer. 

3.7. Dependence of limiting anisotropy and rota- 
tional rate on cholestatrienol concentration 

The limiting anisotropy of cholestatrienol (0.5 
mol%) of POPC SUV was determined with the 
multifrequency (l-250 MHz) phase and modula- 
tion instruments using 14 different frequencies 
(10, 20, 30, 40, 60, 70, 80, 90, 100, 115, 120, 130, 
140 and 150 MHz). The limiting anisotropy 
thereby obtained and the rotational rate calcu- 
lated according to the equations developed by 
Lakowicz et al. [36] were 0.170 and 0.41 radian/m, 
respectively, at 24°C (fig. 4B). Thus, cholestatrie- 
no1 appears highly ordered with a restricted range 
of rotation but rapid rate of motion in POPC 
membrane bilayers. The limiting anisotropy 
parameter was constant up to 6 mol% cholestatrie- 
no1 and then decreased with increasing mol!% fluo- 
rescent sterol to nonzero limiting values near 0.098 
for at 33 mol% cholestatrienol (fig. 4B). Concom- 
itant to the decrease in limiting anisotropy was a 
faster rotational rate near 0.75 radian/ns (shorter 
rotational relaxation time). 

3.8. Effect of cholesterol on fluorescence properties 
of cholestatrienol in POPC oesicles 

The similarity of cholesterol and cholestatrienol 
structural and dynamic properties in POPC SUV 
was examined using a low concentration of 
cholestatrienol(3 mol%) and increasing cholesterol 
(O-17 mol%) in POPC SUV. The relative fluores- 
cence intensity of 3 mol% cholestatrienol was con- 
stant with increasing mol% cholesterol (not shown) 
in the range O-7 mol%. As expected, above 8 
mol’% total sterol the relative fluorescence inten- 
sity/pmol total sterol decreased to a limiting value 
(fig. 5A). Between 0 and 8 mol% total sterol, the 
major absorbance maximum near 324.7 nm was 
red shifted (fig. 5B) and the ratio of absorbance at 
338 nm/324 nm increased (fig. 5C). These ob- 
servations are very similar to those obtained above 
with POPC SUV containing only increasing con- 
centrations of cholestatrienol between 0 and 6 
mol% (fig. 3A, B and D). 
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Fig. 5. Effect of cholesterol on fluorescence properties of cholestatrienol in POPC vesicles. POPC SUV contained 3 mol& 
cholestatrienol and O-17 mol% cholesterol. Lifetime data were obtained using phase and modulation data at eight frequencies and 
analyzed by continuous distributional analysis to two lifetime components. Data for only the major component are shown. 

Absorbance spectra were recorded with a Gilford spectrophotometer. Other parameters were determined as described in section 2. 

Increasing the cholesterol content of the POPC 
SUV (up to 6 mol% total sterol) did not signifi- 
cantly change the quantum yield (fig. 5D) or the 
fluorescence lifetime (fig. 5E) of 3 mol% choles- 
tatrienol. Analysis of lifetime data for a two-com- 
ponent fit resulted in x2 values between 0.3 and 
2.9 (fig. 5E). The steady-state anisotropy, limiting 
anisotropy and rotational rate of cholestatrienol 
were essentially unaltered between 0 and 8 mol% 
total sterol (fig. 6A-C). At sterol concentrations 
above 8 moi% total sterol, the quantum yield (fig. 
5D) and lifetime both increased. In POPC vesicles 
containing 50 molR cholesterol, these increases for 
cholestatrienol were even greater (data not shown). 
The steady-state anisotropy (fig. 6A) and limiting 
anisotropy (fig. 6B) of low concentrations of 

cholestatrienol (0.5 or 3 molW) in POPC SUV 
increased when the total sterol content was in- 
creased from 10 to 20 mol%,. Concomitantly, the 
rotational rate decreased from 0.55 to 0.25 
radian/ns. These results indicate that the addition 
of cholesterol above 8 mol% total sterol restricts 
both the range and rate of motion of the fluo- 
rescent sterol in the POPC SUV. 

In summary, cholestatrienol and cholesterol ap- 
pear to have a similar effect on cholestatrienol 
fluorescence parameters explained by dielectric 
changes at low mol!& total sterol (see section 4). 
With increasing mo14& cholestatrienol in the range 
O-6 molY& the fluorescent sterol senses a more 
polar environment in the sterol-poor domain. At 
higher mol% total sterol the added cholesterol 
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Fig. 6. Effect of cholesterol on dynamic and static properties of 
cholestatrienol in POPC vesicles. All conditions were as de- 
scribed in the legend to fig. 5. Steady-state anisotropy (A), 
limiting anisotropy (B), and rotational rate (C) were de- 
termined as described in section 2 using phase and modulation 
data at eight frequencies. The limiting anisotropy and rota- 
tional rate were calculated, using a floating value for ro, also as 

described in section 2. 

orders the laterally segregated sterol domain (figs. 
5 and 6). In contrast, high mol% cholestatrienol 
results in quenching and indicates that the sterol- 
poor sterol (nonsegregated) domain, where the 
remaining signal is:observed, becomes more dis- 
ordered. 

4. Discussion 

4.1. Polarity sensitivity of cholestatrienol in POPC 
SUV 

4.1.1. Properties of cholestatrienol at low mol% in 
POPC suv 

Several observations obtained with the fluo- 
rescent cholestatrienol indicate that at low mol% 
in POPC SUV this sterol is sensitive to dielectric 
effects. At concentrations up to about 6 mol% 
cholestatrienol in the POPC bilayer, the ab- 
sorbance maximum of cholestatrienol near 325 nm 
was red shifted 1.8 nm. The ratio of the 

cholestatrienol (fig. 3D) and dehydroergosterol [2] 
absorbance peak maxima increased in the con- 
centration range O-6 mol%. A similar 1.4 nm red 
shift was observed for 5 mol% dehydroergosterol, 
another fluorescent sterol, in POPC SUV [2]. In 
contrast, the ratio of the relative fluorescence exci- 
tation of cholestatrienol (fig. 3B) and cholesterol 
[2] near 338 run to the relative fluorescence excita- 
tion near 324 nm also increased in the concentra- 
tion range O-6 mol%. 

In the presence of 3 mol% cholestatrienol ad- 
dition of cholesterol from 0 to 5 mol% cholesterol 
also red shifted the absorbance maximum and 
altered absorbance peak ratios of cholestatrienol 
(fig. 5) and dehydroergosterol [2]. Since fluores- 
cence lifetime and quantum yield were constant 
between 0 and 6 mol% cholestatrienol or dehydro- 
ergosterol, these shifts were not due to cholestatri- 
enol aggregation and self-quenching at low mol% 
sterol. If cholestatrienol or dehydroergosterol are 
good analogues for cholesterol, then self-quench- 
ing of laterally segregated cholestatrienol is not 
expected with increasing concentration of 
cholesterol in the range O-6 mol%. The absence of 
anisotropy changes rules out aggregation of 
cholestatrienol below 6 mol%. The above observa- 
tions may be explained by dielectric constant ef- 
fects. The addition of cholestatrienol, dehydro- 
ergosterol [2], or cholesterol can cause a change of 
the average dielectric properties of the POPC 
membrane microenvironment wherein the fluoro- 
phore is located. Space-filling models of cholesterol 
(and cholestatrienol) indicate that the conjugated 
triene, double-bond series of cholestatrienol is 
located within a few lngstriims of the OH group. 
In phosphatidylcholine SUV membranes the fluo- 
rescence intensity and lifetime of cholestatrienol 
are strongly dependent on the dielectric constant 
of the membrane microenvironment. The data are 
consistent with the interpretation that with in- 
creasing concentration up to 6 mol% choles- 
tatrienol in the POPC vesicles, there is a linear 
change of the membrane microenvironment di- 
electric constant. 

4.1.2. Multiple lifetimes of cholestatrienol in POPC 
suv 

Lifetime data analysis by Lorentzian distri- 
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bution of lifetimes is also consistent with polarity 
sensitivity of cholestatrienol. Below 6 mol% 
cholestatrienol two lifetime components of frac- 
tional intensity near 0.96 and 0.04, were resolved 
by continuous distributional as well as exponential 
analysis. As indicated by reduced x2, the distribu- 
tional analysis gave as a good or a better fit than 
the exponential analysis. Although there is no 
reason to expect that the real lifetime distributions 
are symmetric, the analysis is easier and more 
rapid assuming symmetric distributions. Hetero- 
geneity of vesicle preparations cannot explain the 
observed lifetime distributions. The longer lifetime 
component of cholestatrienol in different sized 
vesicles has lifetime values differing by as much as 
0.4 ns (3.24 ns in SUV and 2.80 ns in multilamel- 
lar vesicles). If the lifetime of cholestatrienol in 
each vesicle size is a single exponential, the size 
heterogeneity will give rise to a lifetime distribu- 
tion within a 0.4 ns range. The summation of 
single exponentials over the range 0;4 ns would 
result in a distribution that is the same as a single 
exponential. If the decay of cholestatrienol is as- 
sumed to be best explained by a Lorentzian distri- 
bution, the lifetime changes may be explained. At 
least two factors must be considered to explain 
qualitatively the origin of such a distribution of 
lifetime values and alterations therein. First, it is 
assumed that cholestatrienol molecules exist in a 
distribution of environments. The cholestatrienol 
is sensitive to the dielectric constant of the medium 
wherein it resides. If cholestatrienol can be located 
at different positions along the bilayer normal and 
the membrane polarity of the surface and interior 
differs markedly, a range of lifetimes should exist 
for the cholestatrienol in the POPC SUV. Second, 
if the translational diffusion rate is the same or 
faster than the lifetime, then the cholestatrienol 
will rapidly average over the different environ- 
ments. The lateral diffusion rate of NBD- 
cholesterol, another fluorescent sterol derivative, 
is very rapid, 2 x lo-” cm2 s-l [39]. At lower 
sterol content, the average lifetime should then 
decrease since the cholestatrienol molecule will be 
in a microenvironment with a more rapid decay 
during its fluorescence lifetime. In addition, the 
distribution should be narrow because the lifetime 
value is determined by the average environment. It 

is also assumed that interconversion occurs be- 
tween environments. When the interconversion 
rate is fast (e.g., low mol% sterol), the cholestatrie- 
no1 molecule averages different positions in the 
membrane during the excited-state lifetime result- 
ing in a narrow distributional width. Indeed, the 
data for cholestatrienol at low mol% sterol show 
shorter lifetime arid a narrow distributional width 
(0.05 ns). Similar results have been observed for 
diphenylhexatriene in phosphatidylcholine SUV 
[20,21]. In summary, the distributional analysis of 
cholestatrienol in POPC SUV (below 6 mol’k 
cholestatxienol) is consistent with the presence of 
two populations of sterol: a small portion (0.04 
fractional fluorescence) resides in a microenviron- 
ment of greater polarity (longer lifetime) than a 
second much larger component (shorter lifetime). 

4.1.3. Other ji’worescen t sterols 
The proposal that sterols in membranes may be 

sensitive to dielectric effects is consistent with 
data reported for dehydroergosterol (2) and N-(2- 
naphthyl)-23,24-dinor-5-cholen-22-amin-3~-ol 
[41]. The fluorescence properties of this fluo- 
rescent sterol were also solvent polarity sensitive. 
The hydrocarbon region of the bilayer sensed by 
this fluorophore had a polarity comparable to that 
of acetonitrile. This polarity was reduced ‘by ad- 
dition of increasing amounts of cholesterol., This 
result appears opposite to that obtained for 
cholestatrienol and dehydroergosterol [2] whose 
red-shifted absorbance maximum with increased 
cholesterol indicates an increased polarity. These 
differences may be reconciled by recognizing that 
the naphthyl group was located at the cholesterol 
alkyl chain, the opposite end of the sterol mole- 
cule from where the cholestatrienol and dehydro- 
ergosterol fluorophores are located. The naph- 
thylcholesterol should therefore probe more deeply 
the bilayer core. The naphthylcholesterol[41] may 
preferentially partition into sterol-rich, more hy- 
drophobic domains or perhaps even laterally 
segregate from cholesterol. In contrast, the 
cholestatrienol and dehydroergosterol [2] do not 
appear to show such preference. 

Another napthylcholesterol derivative was re- 
cently synthesized and characterized [42,43]. When 
placed in large unilamellar phospholipid vesicles, 
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the fluorescence lifetime properties of this deriva- 
tive also altered dramatically near 7 mol% [44]. A 
phase diagram of cholesterol in phospholipid 
vesicles based on NMR and DSC results also 
showed a break near 6-8 mol% cholesterol [45]. 
From these data it may be suggested that above 
6-8 mol% cholestatrienol, the sterols partially 
segregate into sterol-rich but not pure sterol do- 
mains. A pure sterol phase does not phase sep- 
arate until 50-67 mol% cholesterol [46]. In conclu- 
sion, below 6 mol% the sterol molecules appear 
more sensitive to polar effects than at greater 
mol% sterol, possibly due to being inserted into 
the bilayer less deeply or the lipid polar head 
groups occupying more area and allowing greater 
penetration of H,O. Either effect would result in a 
greater interaction of the fluorescent sterol fluoro- 
phore with the aqueous interface (higher dielectric 
constant) below 6 mol% sterol. The molecular 
origins of this phenomenon and why it disappears 
near 6 mol% sterol are not known. One simple 
explanation might be that cholesterol and choles- 
tatrienol insert themselves into the liquid crystal- 
line (fluid) POPC bilayer in a highly specific fash- 
ion which leads to a condensing or ordering effect. 
This would be expected to reduce the number of 
vacancies occurring in the bilayer and conse- 
quently to reduce the permeability of the bilayer 
to water and small molecules. 

4.2. Dynamic properties of sterol-rich and sterol-poor 
domains in fluid-phase POPC SVV 

4.2.1. The sterol-poor domain at low mo1% sterol 
The data presented here for increasing mol% 

sterol are consistent with the presence of a sterol- 
poor, possibly monomeric, domain that is polarity 
sensitive. As demonstrated above, between 0 and 6 
moI% the sterols do not interact as indicated by 
the absence of decreased lifetime resulting from 
cholestatrienol quenching. The data presented here 
indicate that at greater than 6 mol% cholestatrie- 
no1 partially separates to quench fluorescence. 
Such a phase separation is also consistent with 
observations made for chlorophyll b self-quench- 
ing [41]. Therefore, above 6 molW cholestatrienol 
or dehydroergosterol[2] the observed fluorescence 
signal is due to the nonphase-separated, sterol-poor 

domain. Above 33% cholestatrienol or dehydro- 
ergosterol [2] the steady-state anisotropy and 
limiting anisotropy decreased to limiting values 
while rotational rate increased. Thus, the sterol- 
poor domain (O-6 mol%) became more disordered 
(or fluid) at sterol concentrations sufficiently high 
for sterol phase separation (above 6 mol’k;). 

4.2.2. Formation of sterol-rich domains 
The results presented here suggest that above 6 

mol% cholestatrienol the additional sterol laterally 
segregates into a sterol-rich but not pure sterol 
domain. The lack of a red-edge effect at high 
cholestatrienol concentration indicates that lateral 
segregation into pure sterol-containing domains is 
unlikely. Indeed, other investigators have shown 
that in the fluid state, the maximum amount of 
cholesterol accommodated in phospholipids be- 
fore a pure cholesterol phase separates out is 
50-67 mol%, depending on the phospholipid polar 
head group [46]. Thus, the data presented here and 
by others are consistent with the possibility that 
between 5 and 50 mol% sterol, sterol-rich (but not 
pure sterol) domains segregate laterally within the 
membrane. Results from a number of investiga- 
tors [2,44,45,47] are consistent with this interpre- 
tation. A key observation in this regard is the 
presentation of a phase diagram for cholesterol in 
phospholipid multilamellar vesicles indicating not 
only a phase separation near 6-8 mol% cholesterol 
but also the presence of cholesterol in ordered and 
disordered fluid domains [45]. The data obtained 
for cholestatrienol and dehydroergosterol [2] both 
indicate that a relatively disordered (fltid) sterol 
domain exists. In addition, a second much larger 
phase-separated domain that is more ordered is 
present above 6 mol% sterol (fig. 6; also ref. 2). 
Above 6 mol% sterol, both domains coexist in 
POPC SUV at 24” C, a temperature at which 
POPC is in the fluid phase. Evidence for fluid-fluid 
phase immiscibility was previously presented for 
phospholipids. For example, when POPC (the 
major component of egg PC), egg PC, and di- 
myristoylphosphatidylcholine are all in the fluid 
state, it has been postulated that above 5 mol% 
cholesterol, coexisting, immiscible fluid domains 
may be present under certain conditions [39,47]. 
Fluid-fluid immiscibility was also obtained in bi- 



70 F. Schroeder et al. /Fluorescent sterols in membranes 

nary mixtures of dipalmitoylphosphatidyl- 
ethanolamine and dielaidoylphosphatidylcholine 
[48]. Electron spin resonance data are consistent 
with the formation of cholesterol-rich and choles- 
terol-poor domains in biological membranes 
[49,50]. The existence of a long-lived cholesterol- 
lipid complex that may form near 4 mol% 
cholesterol has been postulated [2,19,51-531. 
Cholesterol association with the more fluid phase 
in phase-separated systems has been predicted in 
phase-separated disaturated/ disaturated and 
disaturated/ monounsaturated phosphatidylcho- 
line mixtures [54,55]. Above 25 molW cholesterol, 
spin-labeled steroids were no longer completely 
miscible with dipalmitoylphosphatidylcholine 
membranes [56]. X-ray investigations indicated 
that below 50 mol% cholesterol, a ribbon-like 
structure was noted below the phase transition of 
dipalrnitoylphosphatidylcholine corresponding to 
cholesterol-poor and cholesterol-rich areas [57]. 
However, these structures still allowed phos- 
pholipid-sterol interactions. The data presented 
herein for cholestatrienol and earlier for dehydro- 
ergosterol[2] are consistent with the interpretation 
that cholesterol-rich and cholesterol-poor areas 
may also exist above the phase transition of phos- 
pholipids. 

4.3. Dynamic and static properties of cholestatrienol 
in sterol-rich and sterol-poor domains of POPC 
suv 

At low mol% cholestatrienol has a fast rota- 
tional relaxation time (0.27 ns) and a high degree 
of order in liquid-crystalline POPC SUV at 24’ C. 
These findings are consistent with those of other 
investigators obtained by deuterium NMR of 
deuterated cholesterol in multilayers of egg phos- 
phatidylcholine: order parameters and rotational 
relaxation times were near 0.67 and 0.5 ns, respec- 
tively [58,59]. In contrast, in the phase-separated 
sterol domain obtained at high mol% sterol (greater 
than 6 mol%) the order parameter of deuterated 
cholesterol was increased to 0.78 in egg phos- 
phatidylcholine multilayers [60], 0.80 in di- 
myristoylphosphatidylcholine and 0.76 in human 
erythrocyte ghosts [53]. Similarly, the results pre- 
sented here show that the limiting anisotropy 

(which reflects order S, according to S = 
(~,/r~)~/‘) of cholestatrienol (3 mol% plus 3-17 
mol% cholesterol) in POPC SUV increased in the 
cholesterol-rich domain. The amplitude de- 
termined from the limiting anisotropy and rate of 
anisotropic motion are not necessarily correlated. 
The results obtained with cholestatrienol herein 
and earlier with dehyclroergosterol[2] indicate that 
cholesterol increased both the lifetime and the 
rotational relaxation time of the fluorescent sterol 
in POPC SUV. 

4.4. Conclusion 

The fluorescent sterol cholestatrienol is a useful 
probe molecule analogue for cholesterol. In POPC 
SUV it appears quite sensitive to dielectric effects 
below 6 mol% and to sterol interactions with other 
sterols and/or lipids above 6 mol% sterol. The 
fluorescent sterol is sensitive to the presence of 
two sterol-containing domains. In addition, it is 
an excellent probe molecule for examining the 
motional properties (dynamic and static) of 
cholesterol in model phospholipid membranes. The 
motional properties of the fluorescent sterol indi- 
cate rapid motion (dynamics) with a restricted 
degree of rotation (order) in the sterol-poor do- 
main. Both parameters indicate increased disorder 
in this domain in the presence of a sterol-rich 
domain at high mol% cholesterol in the POPC 
vesicles. In contrast, the sterol-rich domain be- 
comes increasingly ordered at higher mol% sterol 
in POPC SUV. The data obtained herein with 
cholestatrienol are in good agreement with those 
obtained with dehydroergosterol [2,19,52], indicat- 
ing that both molecules appeti to be appropriate 
analogues for cholesterol in membrane studies. 
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