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Cholesterol Modulation of Lipid Intermixing in Phospholipid and 
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ABSTRACT: Carbazole- and indole-labeled phospholipids have been used to monitor the homo- or heterogeneity 
of lipid mixing in several types of lipid bilayers combining a brominated and a nonbrominated lipid with 
varying amounts of cholesterol. Experimental quenching curves (relating the normalized probe fluorescence 
intensity to the mole fraction of brominated lipid) show a characteristic smooth, monophasic form for 
homogeneous liquid-crystalline lipid mixtures. However, for mixtures exhibiting lipid lateral segregation, 
such curves show marked perturbations in form over the region of composition where segregation occurs. 
Using this approach, it is found that high mole fractions of cholesterol (40-50 mol '36) promote the formation 
of apparently homogeneous solutions in mixtures of disaturated and monounsaturated phosphatidylcholines 
(PCs) that exhibit extensive thermotropic phase separations in the absence of sterol. At only slightly lower 
levels of cholesterol, however, these systems exhibit inhomogeneous lipid mixing over a wide range of relative 
proportions of the two PC components. Mixtures of cerebroside and monounsaturated PCs, even at  high 
bilayer cholesterol contents, exhibit significant inhomogeneity in lipid mixing over a wide range of cereb- 
roside/PC ratios. Phase-separating PC/PC and PC/cerebroside mixtures can readily form long-lived 
metastable solutions when the level of the higher-melting component in the liquid-crystalline phase exceeds 
its equilibrium solubility by as much as 20-30 mol '36; this tendency is significantly increased by cholesterol. 
Cholesterol shows no significant ability to enhance lipid intermixing in a third type of phase-separating lipid 
system, combining a monounsaturated PC with a monounsaturated phosphatidic acid-calcium complex. 
Experiments using cleavable phospholipid conjugates, linking a fluorescent lipid to a brominated lipid, suggest 
that each fluorescent molecule probes a local lipid domain comprising 540-50 nearby acyl chains. 

%e lateral organization of different lipid species in complex 
lipid mixtures, including those found in biological membranes, 
remains an important issue in membrane research. While 
various thermodynamic and spectroscopic methods have been 
used to characterize the organization of a number of binary 
lipid mixtures [for reviews, see Lee (1977), Silvius (1982), 
Thompson and Tillack (1985), Cullis et al. (1985), Knoll et 
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al. (1991), and Caffrey et al. (1991)], such methods are often 
much more complicated to apply to ternary or higher-order 
lipid mixtures. This problem can be still more acute for 
systems containing cholesterol [reviewed in Yeagle (1 985), 
Presti (1985), Vist and Davis (1990), and Finean (1990)], 
which reduces the cooperativity of lamellar phase transitions 
and may potentially reduce the sizes of individual domains in 
phase-separated lipid mixtures. 

In spite of the limitations just noted, the properties of ternary 
and higher-order systems containing cholesterol are of con- 
siderable interest to model and to characterize better the 
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complex lipid mixtures found in biological membranes. Several 
ternary mixtures of phospholipids and cholesterol have been 
studied using calorimetry and freeze-fracture electron mi- 
croscopy (de Kruijff et al., 1974; van Dijck et al., 1976; Demel 
et al., 1977; van Dijck, 1979; Calhoun & Shipley, 1979; 
Finegold & Singer, 1991), NMR (Cullis & de Kruijff, 1978; 
Cullis et al., 1978; Cullis & Hope, 1980; Tilcock et al., 1982, 
1984, 1988; Bally et al., 1983), and ESR (Shin & Freed, 1989; 
Shin et al., 1990), chiefly to examine possible selectivity in 
the interactions of cholesterol with phospholipids of different 
structures. X-ray diffraction and calorimetry have been ap- 
plied to examine the phase behavior of phosphatidylcholine 
(PC)'/cerebroside/cholesterol mixtures at high sterol/PC 
ratios (Ruo~co & Shipley, 1984; Johnston & Chapman, 1988), 
providing evidence that at sufficiently high bilayer concen- 
trations at least some cerebroside species can segregate laterally 
from choline phospholipids even in the presence of cholesterol. 
For the most part, the methods employed in the above studies 
have been particularly well-suited to detect the segregation 
of extensive, well-ordered domains in lipid bilayers. 

Measurements of the quenching of lipid (or protein) probe 
fluorescence by brominated or spin-labeled lipid molecules 
provide a promising alternative to the above approaches to 
examine the lateral distributions of different molecular species 
in multicomponent bilayers (London & Feigenson, 1978, 1981; 
Caffrey & Feigenson, 1981; East & Lee, 1982; Froud et al., 
1986; Simmonds et al., 1982,1984; Florine & Feigenson, 1987; 
Silvius, 1990; Yeager & Feigenson, 1990; Bolen & Holloway, 
1990). Quenching-based methods monitor intermolecular 
interactions over relatively short scales of time and distance, 
potentially allowing the detection of subtle inhomogeneities 
in lipid lateral distributions as well as large-scale phase sep- 
arations. In this study, measurements of the quenching of 
indolyl- and carbazolyl-labeled lipid probes have been used 
to examine the effects of cholesterol on lipid intermixing in 
three types of brominated/nonbrominated lipid mixtures 
(PC/PC, PC/cerebroside, and PC/ [phosphatidic acid-calci- 
um]) that extensively phase-separate in the absence of sterol. 
It is found that cholesterol is a relatively inefficient promoter 
of stable lipid mixing in these systems at low-to-moderate 
bilayer concentrations. At high concentrations, cholesterol 
produces stable, microscopically homogeneous mixing of the 
different lipid species only in PC/PC mixtures, possibly re- 
flecting the fact that only for these systems, among those 
studied here, does the sterol interact strongly with each of the 

I Abbreviations: (16/ 1 1-carbazole)-PC, l-palmitoyl-2-(ll-(carba- 
zol-9-yl)undecanoyl)-~n-glycero-3-phosphocholine; 16Br-cerebroside, 
N-( 16-bromopalmitoyl)galactocerebroside; dil6BrPC, 1,2-di( 16-bromo- 
palmitoyl)-sn-glycero-3-phosphocholine; DSC, differential scanning ca- 
lorimetry; DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine; DTT, di- 
thiothreitol; EDTA, ethylenediaminetetraacetic acid (trisodium salt); 
HFA- or NFA-cerebroside, N-(2-hydroxyacyl)- or N-(nonhydroxy- 
acy1)galactocerebroside fractions isolated from bovine brain; (1 6/8- 
indoly1)-PC, l-palmitoyl-2-(8-indol-l-yl)octanoyl)-~n-glycero-3- 
phosphocholine; ( la /  124ndolyl)-PC, 1 -palmitoyl-2-( 12-(indol- l-y1)do- 
decanoyl)-sn-glycero-3-phosphocholine; (1 6/ 16-indolyl)-PC, 1 -palmito- 
yl-24 16-(indol- l-yl)palmitoyl)-sn-glycero-3-phosphocholine; (1 8c9/ 16- 
indolyl)-PC,l-oleoyl-2-( 16-(indol- l-yl)palmitoyl)-sn-glycero-3-phospho- 
choline; mBrPA, l-oleoyl-2-(l6-bromopalmitoyl)-sn-glycerol 3-phos- 
phate; mBrPC, l-oleoyl-24 16-bromopalmitoyl)-sn-glycero-3-phospho- 
choline; PA, 1,2-diacyl-sn-glycerol 3-phosphate; PC, 1,2-diacyl-sn- 
glycero-3-phosphocholine; PE, 1,2-diacyl-sn-glycero-3-phosphoethanol- 
amine; POPC, l-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; tBr2PC, 
1-palmitoyl-2-( 11,12-dibromooctadecanoyl)-sn-glycero-3-phosphocholine, 
prepared using the product of bromine addition to trans- 1 l-octadecenoic 
acid; Tes, N- [tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid, 
sodium salt; x N ~ ( A ) ,  mole fraction of lipid species A relative to the total 
nonsterol lipid in a given mixture. 
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individual lipid components in isolation under the same con- 
ditions. 

MATERIALS AND METHODS 

Materials 
16-(Indol- l-y1)palmitic acid/ 16-hydroxypalmitic acid was 

converted to 16-(methylsulfonyl)palmitic acid as described 
previously (Kimura & Regen, 1983) and then to 164odo- 
palmitic acid by refluxing for 6 h with a 1 M solution of NaI 
in dry acetone (10 mL/g of fatty acid), following which the 
fatty acid was recovered by partitioning between 1% aqueous 
NaCl and hexane and evaporating the latter phase. The crude 
iodo fatty acid was coupled to indole by a modification of the 
method of Guida and Mathre (1980) as described previously 
for the synthesis of 8-(indol-l-yl)octanoic acid (Shin et al., 
1991) but with extension of the reaction time to 120 h. 

16-Bromopalmitic acid was synthesized by the method of 
Kimura and Regen (1983), and 11,12-dibromooctadecanoic 
acid was prepared by bromination of trans-vaccenic acid in 
dry CC14 in the dark at -10 OC. Fluorescent-labeled or bro- 
minated phosphatidylcholines (PCs) were prepared by acy- 
lating the appropriate l-acyl-lysophosphatidylcholine with the 
anhydride of the labeled fatty acid, using 4-pyrrolidinopyridine 
as the catalyst, as described previously (Mason et al., 1981). 
Phosphatidic acids (PA) and phosphatidylethanolamines (PE) 
were prepared from the corresponding PC species by cabbage 
phospholipase D-mediated hydrolysis and trans- 
phosphatidylation, respectively (Comfurius & Zwaal, 1977; 
Graham et al., 1985; Leventis et al., 1991). Bovine brain 
sulfatides and cerebrosides were isolated as described previ- 
ously (Radin, 1976; Momoi et al., 1976); hydroxy and non- 
hydroxy fatty acyl cerebrosides were separated by flash 
chromatography on silica gel 60 (Still et al., 1978), eluting 
first with 90/10 (v/v) then 88/12 (v/v) methanol in chloro- 
form. Galactosylpsychosine was prepared from cerebroside 
by refluxing for 4 days with 1 M KOH in 9/ 1 methanol/water; 
the desired product was purified from the partially hydrolyzed 
preparation by chromatography on Bio-Si1 A, using a 10-20% 
gradient of chloroform in methanol. (1 6-Bromopalmitoy1)- 
galactocerebroside was synthesized by condensing galacto- 
sylpsychosine with the N-hydroxysuccinimide ester of 16- 
bromopalmitic acid (Lapidot et al., 1967) for 60 h at 37 OC 
in 90/ 10/ 1 chloroform/methanol/triethylamine. 

Disulfide-linked conjugates of brominated and fluores- 
cent-labeled phospholipids were prepared as follows. Fluor- 
escent PES were first reacted overnight at 25 OC with a 3-fold 
molar excess of SPDP in dry chloroform containing 1% tri- 
ethylamine. The resulting (pyridyldithiopropiony1)-substituted 
PES were purified by thin-layer chromatography on silica gel 
60, developing with 80/20 chloroform/methanol. Brominated 
phosphatidylcholines were converted to phosphatidyl-2- 
mercaptoethanols by stirring for 5 min at 30 OC in a 1 / 1 (v/v) 
emulsion of diethyl ether (distilled from P205) and an aqueous 
solution of 5% 2-mercaptoethanol, 100 mM sodium acetate, 
5 mM CaCl,, pH 6.8, in the presence of phospholipase D from 
Streptomyces sp. (Imamura & Horiuti, 1979) at 15 units/ 
pmol of lipid. The products were partitioned between chlo- 
roform and 1 / 1 (v/v) methanol/ 100 mM aqueous EDTA, and 
the material recovered by concentration of the chloroform 
phase was purified by thin-layer chromatography on silica gel 
60, developing with 80/20 chloroform/methanol. Both of the 
above reactions proceeded in nearly quantitative yield. To 
form the disulfide-linked conjugates, fluorescent (pyridyldi- 
thiopropiony1)-substituted PES (1 equiv) were incubated with 
freshly prepared brominated phosphatidylmercaptoethanols 



3400 Biochemistry, Vol. 31, No. 13, 1992 

(0.8 equiv) overnight in dry chloroform under nitrogen. The 
resulting conjugates were purified by thin-layer chromatog- 
raphy on silica gel 60 in 80/20/ 1 chloroform/methanol/water 
(Rf = O S  vs ca. 0.65 for the precursor species). 

Cholesterol was obtained from Nu-Chek Prep (Elysian, 
MN), and 1 1-carbazolylundecanoic acid was from Molecular 
Probes (Eugene, OR). Lysophosphatidylcholines, di- 
stearoyl-PC, and 1 -palmitoyl-2-oleoyl-PC were obtained from 
Avanti Polar Lipids (Alabaster, AL). Phospholipase D from 
Streptomyces sp. was the generous gift of Dr. S .  Imamura 
(Toyo Jozo Trading Co., Tokyo, Japan). All common chem- 
icals were of reagent grade or better; solvents were redistilled 
before use. 

Methods 
Lipid mixtures for analysis (normally 50-100 nmol of total 

lipid/sample, labeled with 0.5 mol 7% of a carbazolyl- or 1-1.5 
mol ’% of an indolyl-labeled PC) were dried down under ni- 
trogen from chloroform or 8/2 chloroform/methanol and then 
incubated for at least 6 h under high vacuum to remove re- 
sidual solvent. PC and PC/cerebroside mixtures were redis- 
persed by hand agitation in buffer (1 50 mM NaC1,5 mM Tes, 
0.1 mM EDTA, pH 7.4) above the phase transition temper- 
ature of the higher-melting component and then allowed to 
cool at ca. 0.5 OC/min from 50 OC (for cerebroside- or 
DSPC-containing mixtures) or 37 OC (for other lipid mixtures) 
to a final temperature of 20 OC except where otherwise in- 
dicated. PC/PA and PC/PG samples were initially redis- 
persed at 25 OC by hand agitation in 150 mM KCl, 5 mM 
Tes, 0.1 mM EDTA, and then bath-sonicated to near-clarity 
and finally freeze-thawed three times. Samples treated with 
calcium were first dispersed as above and then mixed with 
CaClz to a final calcium concentration of 10 mM. All samples 
were finally incubated, for 18 h at 20 OC where not indicated 
otherwise, before the fluorescence of replicate aliquots was read 
(at excitation/emission wavelengths of 28 1 nm/321 nm for 
indolyl- and 293/258 nm for carbazolyl-labeled samples) 
dispensed into buffer or methanol. The latter values allowed 
the fluorescence measured for each sample in buffer to be 
corrected for possible variations in the amount of probe present. 
Lipid samples for calorimetry were prepared as above but at 
a lipid concentration of 3-8 mM. Samples were analyzed on 
a Microcal MC-2 differential scanning calorimeter at a scan 
rate of 24 OC/h. Lipid concentrations were determined as 
described previously (Lowry & Tinsley, 1974), extending the 
sample digestion time to 5 h, or by drying to constant weight 
in vacuo for nonphospholipid samples. 

Disulfide-linked conjugates, incorporated at 0.25 mol ’% 
(indolyl-labeled) or 0.125 mol ’% (carbazolyl-labeled) into 
80/20 POPC/POPG vesicles, were reduced by treatment with 
dithiothreitol(50 mM) in buffer for 48 h at room temperature 
under nitrogen and in the dark, conditions established as 
sufficient to release completely the intramolecular fluorescence 
quenching in such conjugates. 

RESULTS 
In Figure 1 are shown the structures of the fluorescent lipid 

probes and brominated lipid quenchers used in this study. As 
shown previously (Silvius, 1990), the fluorescence of (16/ 
1 1 -carbazole)-PC in lipid bilayers is efficiently quenched by 
dibrominated phospholipids such as 1-palmitoyl-2-( 1 1,12-di- 
bromooctadecanoy1)-PC (tBr,PC) . Representative quenching 
profiles, illustrating the variation of probe fluorescence with 
the mole fraction of brominated phospholipid in liquid-crys- 
talline POPC/tBr,PC bilayers, are shown in Figure 2A,B. As 
shown in Figure 2A, very similar quenching profiles are ob- 

Silvius 

A 

6 

-CHOH 

Br-NnY 0 :  

“ : 0 4  OH 

FIGURE 1: (A) Structure of the fluorescent lipid probes used in this 
study: upper, (16/ 1 1-carbazole)-PC; lower, (1 8c9/ 16-indolyl)-PC. 
(B) Structures of the brominated lipid quenchers used in this study: 
upper, tBr,PC; middle, mBrPC (X = choline) or mBrPA (X = H); 
bottom, 16Br-cerebroside. 

served for this system at 20 OC and at 37 OC, with only a slight 
enhancement in quenching efficiency at the higher tempera- 
ture. Incorporation of cholesterol at a level of 45 mol ’% 
(Figure 2B) or 33 mol 5% (not shown) modestly increases both 
the intensity of probe fluorescence in POPC bilayers and the 
efficiency of fluorescence quenching by the brominated 
phospholipid. Similar effects of cholesterol are observed for 
the quenching of ( 18c9/ 16-indolyl)-PC fluorescence by 1- 
oleoyl-24 16-bromopalmitoyl)-PC (mBrPC) in POPC bilayers 
(Figure 2C). These relatively small effects of cholesterol 
probably represent a complex summation of distinct effects 
of the sterol on various aspects of probe fluorescence (spon- 
taneous nonradiative deexcitation, quenching mediated by 
oxygen and by brominated lipids, etc.) through both modu- 
lation of lipid acyl chain packing and dynamics (Yeagle, 1985; 
Presti, 1985) and lateral dilution of the lipid acyl chains. 

In all of the systems examined above, the quenching profiles 
are approximately hyperbolic in form, so that the reciprocal 
of the normalized fluorescence, (1 /FN), varies nearly linearly 
with the mole fraction of brominated lipid, xN&h)2 (Figure 
2C, inset). While neither the experimental quenching profiles 

In this paper, the abbreviation xNs is used to denote the mole fraction 
of a phospho- or sphingolipid relative to the total nomterol lipid in a given 
mixture. 
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FIGURE 2: (A) Quenching curves measured at 20 OC (0) or 37 "C (0) for (16/11-carbazole)-PC in bilayers containing the indicated mole 
fraction of tBr2PC in POPC. (B) Quenching curves measured at 37 OC for (16/1l-carbazole)-PC in bilayers containing the indicated proportions 
of tBr2PC in POPC and either 0 mol % cholesterol (0 )  or 45 mol % cholesterol (0). In this and all following figures, the proportion of one 
nonsterol component (here, of tBr,PC) is specified as its mole fraction within the total nonsterol fraction (xNs). (C) Quenching curves measured 
at 37 OC for (18c9/16-indoly1)-PC in bilayers containing the indicated proportions of mBrPC in POPC and either 0 mol % cholesterol (0) 
or 45 mol % cholesterol (0). Inset: reciprocal transformation of quenching curve for cholesterol-free samples. 

nor those predicted from theory (Yeager & Feigenson, 1990) 
are perfectly hyperbolic in form, both are reasonably well- 
approximated by this functional form. In practice, the ho- 
mogeneity of lipid intermixing in a given mixture is best as- 
sessed by comparing its experimental quenching curve to that 
obtained for a related but homogeneous system. However, for 
systems where appropriate reference curves are difficult to 
obtain, inhomogeneous lipid mixing can also be detected as 
a strong deviation of the experimental quenching curve from 
a hyperbola of the form (FN = Fo/[l  4- ((xNs[Br])(Fo - 
FB,)/FBr)]),  were Fo and FBr are the values of F N  measured 
for xNs(Br) = 0 and 1.0, respectively. 

Estimation of the Sampling Domain Size for Fluorescence 
Quenching. To interpret fully the results of fluorescence- 
quenching measurements like those above, it is useful to es- 
timate the size of the sampling domain surrounding an indi- 
vidual fluorescent probe molecule, Le., the total number of acyl 
chains around the probe which, if brominated, could contribute 
significantly to the overall probability of fluorescence 
quenching during a single excitation/deexcitation event. This 
question was addressed using disulfide-linked conjugates with 
the structures shown in Figure 3. When one of these con- 
jugates is highly diluted in a nonbrominated lipid matrix, the 
probe fluorescence will be quenched by a single proximal 
brominated chain (that of the same conjugate molecule), and 
this quenching can be released by DTT cleavage of the con- 
jugate. As detailed in the appendix, this effect can be used 
to estimate the efficiency with which a single brominated acyl 
chain quenches a nearby fluorescent acyl chain. Knowing this 
quantity and the extent of fluorescence quenching for the same 
probe in a bilayer composed entirely of brominated lipids, we 
can estimate the size of the sampling domain as defined above. 
For quenching of a 16-indolylpalmitoyl chain by lipids with 
16-bromopalmitoyl chains, the number of acyl chains sampled 
by each probe is estimated to be 41 f 7 (mean f SEM; N 
= 3), while for quenching of a 1 1-carbazolylundecanoyl chain 
by lipids with 1 1,12-dibromooctadecanoyl chains, the corre- 
sponding estimate is 51 f 3 chains (see appendix). 

The estimates just presented are derived using two important 
assumptions. The first is that the sampling domain can rea- 
sonably be approximated as  a discrete number of acyl chains 
around each probe molecule. This assumption can be relaxed 
using a more diffuse picture of the sampling domain, in which 

FIGURE 3: Structure of disulfide-linked probe/quencher conjugates 
used to estimate efficiencies of probe fluorescence quenching by a 
single proximal brominated acyl chain. Analogous conjugates were 
also prepared in which the brominated diacylglycero- moiety shown 
was replaced by a 1 -palmitoyl-2-oleoylglycero- moiety. 

the entire sampling domain is somewhat larger than the above 
estimates suggest but a subset of chains nearest the probe 
vewer in number than the above estimates) contributes most 
of the observed quenching. The second key assumption used 
above is that the ability of a single brominated acyl chain to 
quench the fluorescence of a proximal fluorescent group, es- 
timated using a fluorescent/brominated lipid conjugate as just 
described, is reasonably representative of the value of this 
parameter averaged over all positions in the sampling domain. 
This assumption may not be valid if the structure of the 
fluorescent/brominated lipid conjugate hinders close approach 
of brominated and probe-labeled acyl chains or if it allows the 
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shown) indicated that at 37 "C this system exhibits phase 
separation at DSPC contents xNs(DSPC) L 0.25-0.27. 
Fluorometric and calorimetric estimates of the "saturating" 
content of DSPC in liquid-crystalline tBr,PC domains at 25 
OC (xNs[DSPC] = ca. 10 mol % and 8-9 mol %, respectively) 
were also in good agreement. The calorimetric behavior of 
the DSPC/tBr,PC mixtures was very similar to that of 
DSPC/POPC mixtures with the same DSPC content. 

As the proportion of cholesterol in DSPC/tBr,PC bilayers 
increases, the quenching curves measured at 37 OC gradually 
shift toward that expected for homogeneous intermixing of the 
brominated and nonbrominated lipid components (compare 
Figure 4A with, e.g., Figure 2A) but attain the latter form 
only at a cholesterol level of 45-50 mol %. At moderate levels 
of cholesterol (e.g., 30-35 mol %), inhomogeneous lipid mixing 
is still observed over a wide range of relative proportions of 
DSPC and tBr,PC. Interestingly, cholesterol does not appear 
to promote significant incorporation of tBr,PC into the 
DSPC-rich gel phase until essentially complete miscibility of 
the components is attained. This conclusion is inferred from 
the fact that none of the quenching curves in Figure 4A shows 
a clear downward break or slope change indicative of the 
gel/(gel + liquid-crystalline) phase boundary, suggesting that 
this boundary lies at very low mole fractions of tBr,PC even 
in mixtures with relatively high sterol contents. These con- 
clusions about the behavior of the DSPC/tBr,PPC/cholesterol 
system are summarized in the partial phase diagram shown 
in Figure 4C. The behavior of the ternary system tBr,PC/ 
DPPC/cholesterol at 20 "C (Figures 4B,D) or 25 OC (not 
shown) is qualitatively very similar to that of the tBr,PC/ 
DSPC/cholesterol system described above, with 40-45% 
cholesterol required to produce homogeneous intermixing of 
the components. 

The quenching curves obtained for the above PC mixtures 
provide a particularly sensitive reflection of the lipid lateral 
distribution for samples enriched in the high-melting compo- 
nent. A complementary view of a thermotropic (PC/PC) 
phase separation is provided by quenching curves for (1 8c9/ 
164ndolyl)-PC in POPC/dil6BrPC bilayers, where the bro- 
minated PC species is the higher-melting component. In this 
system, where the liquid-crystalline domains favored by the 
fluorescent probe are enriched in the nonbrominated compo- 
nent, phase separation is manifested as a bowing out of the 
quenching curve in the direction of decreased quenching in 
the phase-separation region. 

At 20 O C  and in the absence of cholesterol, phase separation 
is observed in POPC/dil6BrPC mixtures at equilibrium when 
xNs(di16BrPC) exceeds roughly 0.05 (Figure 5A inset, filled 
circles). This conclusion agrees well with that obtained from 
parallel calorimetric experiments (not shown), which showed 
phase separation at 20 OC when xNs(di16BrPC) 1 0.04-0.05. 
Interestingly, however, samples containing substantially higher 
proportions of dil6BrPC (up to roughly xNs[di16BrPC] = 0.4) 
form metastable solutions, which require at least several hours 
to relax to equilibrium, when cooled to 20 "C after initial 
dispersal in the liquid-rystalline state (Figure 5A inset, open 
circles). This metastability is relieved by briefly cooling the 
samples to 0 OC or 10 OC before incubating at 20 O C  (Figure 
5A inset, filled circles). Similar, but still more persistent, 
metastability is observed in POPC/dil6BrPC mixtures con- 
taining cholesterol (Figure 5A). Such metastability, which 
again is most pronounced for samples containing slightly su- 
persaturating levels of dil6BrPC, was substantially eliminated 
only when the samples were incubated for 24 h at 4 OC and 
then for 96 h at 20 OC. 
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FIGURE 4: (A) Quenching curves measured at 37 OC for (16/11- 
carbazole)-PC in DSPC/tBr,PC bilayers containing (0) 0 mol %, 
(A) 10 mol %, (0) 30 mol %, (m) 35 mol %, (X) 40 mol %, (0) 45 
mol %, or (A) 50 mol % cholesterol. Inset: Replot of quenching curve 
for cholesterol-free samples. (B) Quenching curves measured at 20 
OC for (16/ 1 l-carbazole)-PC in DPPC/tBr2PC bilayers containing 
(0) 0 mol %, (A) 10 mol %, (+) 20 mol %, (m) 35 mol %, or (0) 
45 mol % cholesterol. Samples were prepared as described in Materials 
and Methods. (C) Schematic phase diagram for the DSPC/ 
tBr2PC/cholesterol system at 37 OC, indicating the region of phase 
separation (shaded) into DSPC-rich and tBr,PC-rich domains observed 
by fluorescence quenching. Omitted from this phase diagram are other 
regions of phase separation where the segregated phases differ mainly 
in cholesterol content [e.g., crystalline cholesterol/cholesterol-saturated 
bilayer at mole fractions of cholesterol > 0.5, and gel/intermediate 
bilayer phases (Vist & Davis, 1990) at low mole fractions of tBr2PC]; 
these features of the phase diagram do not directly impinge on the 
phase boundary indicated. (D) Schematic phase diagram for the 
DPPC/tBr2PC/cholesterol system at 20 OC, indicating the region of 
phase separation into DPPC-rich and tBr2PC-rich domains observed 
by fluorescence quenching. Other details are as described for panel 
C. 

two acyl chains to attain separations much larger than the 
radius of the sampling domain. In such cases, the above 
estimates nonetheless provide an upper bound for the size of 
the sampling domain. 

The 
quenching profiles shown in Figure 2 were obtained for 
phospholipid probes in purely lipid-crystalline bilayers, where 
brominated and nonbrominated lipids should be fairly ho- 
mogeneously intermixed. As shown previously (Silvius, 1990), 
markedly different quenching profiles are expected for bilayers 
where the lateral distribution of brominated and non- 
brominated phospholipids is inhomogeneous, as in the 
phase-separated DSPC/tBr2PC system whose behavior is il- 
lustrated in Figure 4A,C. Within the phaseseparation region 
the carbazolyl-labeled PC partitions strongly in favor of liq- 
uid-crystalline (tBr2PC-rich) domains, and the quenching 
curve in this region deviates markedly (bowing out in the 
direction of greater quenching) from that expected for a ho- 
mogeneous system [see Silvius (1990)l. By this criterion, at 
37 OC and in the absence of cholesterol (Figure 4A, inset) the 
region of phase separation in DSPC/tBr,PC mixtures appears 
to extend from xNs(DSPC) = ca. 0.25 to 1.00. In agreement 
with this conclusion, scanning-calorimetric analysis (not 

Phase Separation in PC/Cholesterol Bilayers. 
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FIGURE 5: (A) Quenching curves measured at 20 "C for (18c9/16-indoly1)-PC in POPC/dil6BrPC bilayers containing 20 mol % cholesterol. 
(A) Samples were incubated for 18 h at 20 "C after dispersal at 60 "C; (0) samples were incubated for 90 h at 20 "C after dispersal at 60 
"C; (H) samples were incubated for 24 h at 4 "C and then for 90 h at 20 "C after initial dispersal at 60 "C. Inset: Quenching curve measured 
at 20 "C for (18c9/16-indoly1)-PC in bilayers containing the indicated proportions of di16BrPC in POPC. (0) Samples were dispersed at 
60 "C and then slowly cooled to 20 "C and incubated for 18 h at the latter temperature; (0) after dispersal at 60 "C, samples were slowly 
cooled to 0 "C, held at this temperature for 15 min, and then incubated at 20 "C for 18 h. (B) Quenching curves measured at 20 "C for 
(18c9/16-indoly1)-PC in POPC/dil6BrPC bilayers containing (0) 0 mol %, (A) 20 mol %, (m) 25 mol %, (0) 30 mol %, or (A) 40 mol % 
cholesterol after incubation for 24 h at 4 "C and then for 90 h at 20 "C after initial dispersal at 60 "C. Inset: Schematic phase diagram 
for the POPC/di16BrPC/cholesterol system at 20 "C, indicating the region of phase separation into POPC- and dil6BrPC-rich domains observed 
by fluorescence quenching. Other details are as described for Figure 4C. 

Using samples incubated by the last protocol just noted 
(Figure 5B), it can be seen that cholesterol at levels up to 30 
mol % modestly increases the limiting solubility of dil6BrPC 
in homogeneous liquid-crystalline POPC bilayers (from 
xNs[di16BrPC] = 0.05 at 0 mol % cholesterol to 0.15-0.20 
at 30 mol % cholesterol), although the opposite boundary of 
the phase-separation region remains near xNs(dil 6BrPC) = 
1 .OO (Figure 5C). Cholesterol also decreases markedly the 
apparent heterogeneity of lipid mixing within the phase-sep- 
aration region, as the quenching curves in Figure 5B suggest. 
In principle, the latter effect may reflect the influence of 
multiple factors. The most important of these is almost cer- 
tainly a convergence of the phospholipid compositions of the 
coexisting phases at higher cholesterol contents. However, a 
strong cholesterol-induced reduction in the average size of the 
segregated lipid domains or (less likely) in the preferential 
partitioning of the unsaturated PC probe into liquid-crystalline 
domains may also influence the shapes of the quenching curves 
in the phase-separation region, which therefore must be in- 
terpreted with some care. 

PCIBrain Glycosphingolipid Mixtures. The myelin mem- 
brane contains substantial proportions of N-alkanoyl- and 
N-( 2-hydroxyalkanoyl)galactocerebrosides (NFA- and HFA- 
cerebroside, respectively) and their 3'-sulfated (sulfatide) 
derivatives. Previous studies have found that both HFA- and 
NFA-cerebrosides, which exhibit much higher phase transition 
temperatures than do typical membrane phospholipids, readily 
phase-separate from phosphatidylcholines at physiological 
temperatures but can show complex metastable mixing with 
PC in the presence of high levels of cholesterol ( R u m  et al., 
1983; R u m  & Shipley, 1984; Maggio et al., 1985; Curatolo, 
1986a,b; Johnston & Chapman, 1988; Bunow & Levin, 1988). 
Fluorescence-quenching measurements were applied to 
characterize in more detail the dependence of these phenomena 
on the bilayer cholesterol and cerebroside contents and on the 
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FIGURE 6: Quenching curves measured at 37 "C for (18c9/16- 
indoly1)-PC in mixtures of POPC and 16Br-cerebroside plus chole- 
sterol. (A) Samples containing the indicated proportions of 16Br- 
cerebroside and (0) 0 mol %, (H) 25 mol %, (A) 30 mol %, (0) 35 
mol %, or (0) 45 mol % cholesterol were dispersed at 85 "C and then 
preincubated for 90 h at 20 "C. To facilitate comparison, all quenching 
curves have been scaled to originate at F N  = 1.00 for xNS(16Br- 
cerebroside) = 0. (B) Samples containing the indicated proportions 
of 16Br-cerebroside and 45 mol % cholesterol were dispersed at 85 
"C and then preincubated (A) for 18 h at 20 "C, (0) for 90 h at 20 
"C, or (0) for 24 h at 4 "C and then for 90 h at 20 "C. 

composition of the cerebroside(/sulfatide) fraction. 
In Figure 6 are shown fluorescence quenching curves 

measured at 37 OC for (18~~116-indoly1)-PC in bilayers com- 
posed of POPC and N-( 16-bromopalmitoyl)galactocerebroside 
(1 6Br-cerebroside) plus varying amounts of cholesterol. In 
the absence of cholesterol, phase separation is observed at 
xNs( 16Br-cerebroside) 1 0.13-0.15 in samples preincubated 
for 18 or 90 h at 20 OC, although there is some tendency for 
metastable mixing at just-supersaturating levels of cerebroside 
(Figure 6A). In samples preincubated for only 30 min at 20 
OC, phase separation was detected only for samples containing 
>30 mol 5% cerebroside (not shown). The estimated equilib- 
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FIGURE 7: Quenching curves measured at 37 OC for (18c9/ 164ndolyl)-PC in mixtures combining mBrPC with bovine brain galactosphingolipids 
and cholesterol. (A) mBrPC/HFA-cerebroside mixtures containing (0) 0 mol %, (A) 25 mol %, (0) 35 mol %, and (0) 45 mol % cholesterol 
were incubated for 18 h at 20 "C after initial dispersal at 85 OC. To facilitate comparison, quenching curves have been scaled to converge 
to 1.00 for xNs(cerebroside) = 0. Very similar quenching curves were obtained for comparable mixtures containing NFA- in place of 
HFA-cerebroside. (B) mBrPC/HFA-cerebroside mixtures containing 45 mol % cholesterol were dispersed at 85 OC and then incubated for 
(0) 90 h at 20 OC or (0) 24 h at 4 "C followed by 90 h at 20 OC. (-) The quenching curve is shown for (18c9/16-indoly1)-PC in homogeneous 
mBrPC/POPC mixtures containing 45 mol % cholesterol and the same proportions of mBrPC as the cerebroside samples shown. (C) 
mBrPC/NFA-cerebroside mixtures containing 45 mol % cholesterol were dispersed at 85 OC and then incubated for (0) 90 h at 20 OC or 
(0) 24 h at 4 OC followed by 90 h at 20 OC. The quenching curve for similar samples incubated for 18 h at 20 "C (not shown) was essentially 
identical to that for samples incubated for 90 h at 20 OC. (a) The quenching curve is shown for comparable (homogeneous) POPC/mBrPC 
mixtures (see legend to panel B). (D) Mixtures combining mBrPC with a 3/2/1 (molar proportions) mixture of HFA-cerebraside, NFA-cerebraside, 
and bovine brain sulfatide and containing (0) 0 mol %, (0) 35 mol %, and (0) 45 mol % cholesterol were incubated for 18 h at 20 OC after 
initial dispersal at 85 OC; similar samples incubated for 24 h at 4 OC and then for 90 h at 20 OC gave essentially identical quenching curves 
(not shown). (.) The quenching curve is shown for comparable homogeneous POPC/mBrPC mixtures (see legend to panel B). To facilitate 
comparison, quenching curves have been scaled to converge to 1.00 at xNs(cerebroside) = 0. 

rium solubility of 16Br-cerebroside in POPC at 37 O C  is 
similar to that reported for other galactocerebrosides in liq- 
uid-crystalline PC bilayers at similar temperatures (Ruocco 
et al., 1983; Maggio et al., 1985; Curatolo, 1986a,b). Unlike 
cholesterol-free samples, samples containing 25-45 mol 5% 
cholesterol show more extensive lipid segregation when 
preincubated for 90 h at 20 OC (Figure 6A) than when 
preincubated for only 18 h at this temperature. The quenching 
curves for cholesterol-containing samples were further altered 
when the 90-h incubation at 20 OC was preceded by a 24-h 
incubation at 4 OC (Figure 6B). When preincubated under 
the latter conditions, samples containing even 45 mol 5% cho- 
lesterol show truly homogeneous mixing of the lipid compo- 
nents only up to xNs(cerebroside) = 0.15, a level only mar- 
ginally exceeding the solubility of the cerebroside in POPC 
in the absence of cholesterol. 

In Figure 7 are shown a series of quenching curves measured 
for ( 18c9/16-indoly1)-PC in bilayers combining mBrPC with 
bovine brain HFA-cerebroside, NFA-cerebroside, or a mixture 
of HFA-cerebroside, NFA-cerebroside, and sulfatide in the 
molar proportions found in bovine brain myelin (3/2/1). For 
all of these systems, in the absence of cholesterol the limit of 

solubility of the galactosphingolipids in mBrPC lies between 
10 and 15 mol 5% (Figure 7A,D). Increasing proportions of 
cholesterol increase the apparent miscibility of mBrPC with 
NFA- or HFA-cerebroside in samples equilibrated for 18 h 
at 20 OC after initial dispersal a t  85 OC (Figure 7A). At 45 
mol 5% cholesterol, samples combining mBrPC with either 
NFA- or HFA-cerebroside appear virtually homogeneous at 
all compositions examined when preincubated exclusively at 
20 OC (Figures 7B,C). However, when the 20 OC preincu- 
bation step is preceded by a 24-h incubation at 4 OC, signif- 
icant lipid lateral segregation is observed, even at 45 mol 5% 
cholesterol, in samples containing NFA-cerebroside at mole 
fractions xNs(cerebroside) 1 0.15. The same is true, to a more 
modest extent, for comparable samples containing HFA- 
cerebrosides under the same conditions. 

Interestingly, samples combining POPC with a physiological 
mixture of bovine brain cerebrosides and sulfatides exhibit 
extensive lipid segregation, apparently to equilibrium, after 
only 18 h of incubation at 20 "C, even at 45 mol 5% cholesterol 
(Figure 7D). In a separate experiment (not shown), physio- 
logical proportions of sulfatide were also found to enhance 
markedly the kinetics of segregation of a 3/2 mixture of HFA- 
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FIGURE 8: Quenching curves measured at 37 "C for (16/12- 
indoly1)-PC in POPC/mBrPA mixtures containing (0) 0 mol % or 
(0) 45 mol % cholesterol in (A) the absence or (B) the presence of 
10 mM CaZ+. Samples were first bath-sonicated to near-clarity in 
150 mM KCl, 10 mM Tes, 0.1 mM EDTA, pH 7.4, then three times 
freeze-thawed, and finally incubated for 18 h at 20 OC with or without 
the addition of calcium to 10 mM. 

and NFA-cerebroside from mBrPC in the absence of chole- 
sterol. These results suggest, rather surprisingly, that the 
heterogeneous mixture of galactosphingolipids found in myelin 
may form segregated domains in PC(/cholesterol) bilayers 
more readily (at least in a kinetic sense) than do individual 
purified cerebroside fractions. We are currently investigating 
the basis for this phenomenon in more detail. 

PCIPhosphatidic Acid Mixtures. A final series of exper- 
iments examined the effects of cholesterol on calcium-induced 
phase separation in bilayers of P O X  and mBrPA labeled with 
(16/124ndolyl)-PC. In the absence of calcium and at 37 OC 
these species mix homogeneously in the presence or absence 
of cholesterol (Figure 8A). However, as illustrated in Figure 
8B, addition of 10 mM calcium induces a strong phase sep- 
aration, as observed previously in other PC/PA systems (It0 
& Ohnishi, 1974; Galla & Sackmann, 1975; van Dijck et al., 
1978; Graham et al., 1985; Silvius, 1990). Interestingly, this 
lateral segregation is neither abolished nor even markedly 
attenuated in bilayers containing as much as 45 mol % cho- 
lesterol (Figure 8B). 

In preliminary experiments with the PC/PA(Ca*+) system 
discussed above, (not shown) it was found that the quenching 
curves obtained for (16/ 12-indolyl)-PC or (16/8-indolyl)-PC 
showed a stronger flattening in the region of phase separation 
than did ( 1 8c9/ 164ndolyl)-PC or (1 6/ 16-indolyl)-PC. These 
differences are unlikely to reflect differences in probe parti- 
tioning between phases in this system, as ( 18c9/16-indoly1)-PC 
and (1 6/ 16-indolyl)-PC give essentially identical quenching 
curves, but are exactly those expected if a significant degree 
of transbilayer quenching occurs for the 16-indolyl- 
palmitoyl-labeled phospholipid probes but is diminished or 
absent for the 12-indolyldodecanoyl- and 84ndolyloctanoyl- 
labeled species. Comparable differences in the quenching 
curves for 12- vs 16-indolyl-labeled lipid probes were not ob- 
served for the other phase-separated systems examined in this 
study. 

DISCUSSION 
A previous study (Silvius, 1990) has demonstrated the utility 

of carbazolyl-labeled phospholipids to monitor lipid lateral 
segregation in binary mixtures of dibrominated and non- 
brominated phospholipids. The present results demonstrate 
the feasibility of extending this approach to more complicated 
lipid mixtures, including in principle mixtures approaching the 
complexity of the lipid component of biological membranes. 
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The introduction of indolyl-labeled phospholipids allows the 
technique also to employ monobrominated lipid quenchers, 
which can be made nearly isosteric with unlabeled lipid species. 
Both types of probe moieties are expected to be highly hy- 
drophobic, and results obtained using the spin-label quenching 
parallax method of Chattophadhyay and London (1 987) in 
fact indicate that they are both localized well within the bilayer 
interior (F. S. Abrams and E. London, manuscript in prepa- 
ration). Recent studies of the intrabilayer disposition of bromo 
substituents on phospholipid acyl chains (McIntosh & Hol- 
loway, 1987; Wiener & White, 1991) indicate that these 
moieties also localize well within the membrane interior, at 
roughly the same depth as the corresponding methylene seg- 
ments of an unsubstituted acyl chain. 

The interpretation of the present quenching results raises 
three important questions concerning the nature of the 
quenching process. The first concerns the size of the sampling 
domain, Le., of the domain around a lipid probe group that 
can potentially be sampled by the probe during the lifetime 
of the excited state. This quantity is estimated as ca. 40-50 
acyl chains for the two types of probe/quencher combinations 
employed here, although as already noted, it is possible that 
these estimates actually represent upper bounds. Yeager and 
Feigenson (1990) have estimated a smaller sampling number 
of 12-18 chains in an analysis of the quenching of bilayer- 
associated tryptophan octyl ester by brominated phospholipids. 
Further study will be required to determine whether probe/ 
quencher pairs such as those examined here, in which both 
fluorescent and bromo groups are attached to acyl chains 
buried in the bilayer interior, truly exhibit larger sampling 
domains in liquid-crystalline bilayers than do similar pairs in 
which at least one of the probe or quencher groups is confined 
to the bilayer/aqueous interface (Jacobs & White, 1989). 
Nonetheless, it seems clear that the probe/quencher combi- 
nations examined here can detect inhomogeneities in the lateral 
distributions of lipid species over a relatively fine scale of 
distances (of the order of a few molecular diameters). 

A second question related to the above concerns the im- 
portance of lipid lateral diffusion in the fluorescence-quenching 
phenomena examined here. At first glance, the relatively large 
number of acyl chains estimated to be sampled by each probe 
molecule might suggest an important role for lateral diffusion 
in the quenching process. However, as Yeager and Feigenson 
(1990) have pointed out, phospholipid lateral diffusion is ex- 
pected to be negligible during the lifetime of the excited state 
for fluorescent probes such as those examined here (Lackowicz 
& Hogen, 1980). The small effects of temperature on the 
quenching curves observed for these probes in liquid-xystalline 
lipid mixtures (Figure 2) also suggest that quenching in these 
systems is not primarily dependent on lipid lateral diffusion, 
which shows a considerably stronger temperature dependence 
(Wu et al., 1977). It is nonetheless clear that quenching in 
the systems examined here must involve some component of 
molecular motions, for otherwise the sampling domains for 
a probe molecule should comprise no more than 6-8 acyl 
chains, i.e., the immediate nearest neighbors of each probe 
group. It seems most plausible that these motions comprise 
mainly lateral excursions of acyl chains (wobble) and/or ro- 
tational movements of lipid molecules, rather than significant 
lateral diffusion of lipid molecules, over the lifetime of the 
excited state. 

A final question regarding the mechanism of fluorescence 
quenching in the systems examined here is the extent to which 
probe and quencher moieties interact between the two halves 
of the membrane bilayer. Some level of transbilayer quenching 
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seems likely when 16-indolylpalmitoyl-labeled probes are used 
together with 16-bromopalmitoyl-labeled quenchers. Such 
transbilayer quenching, when present, will not mask the ap- 
pearance of phase boundaries in a quenching curve but may 
modestly alter the curve shape within the phase-separation 
region if segregation of lipid domains occurs independently 
in the two halves of the bilayer. It was thus interesting to 
observe that PC/PA(CaZ+) mixtures show evidence for such 
transbilayer-quenching effects, as judged from comparison of 
the quenching curves obtained for indolyl-labeled probes of 
different chain lengths, while phase-separated PC/PC and 
PC/cerebroside mixtures do not. We are currently investi- 
gating whether such differences can be correlated with dif- 
ferences in the nature of the segregated lipid domains (e.g., 
correlated or uncorrelated between the two bilayer halves) in 
the different systems examined. 

A noteworthy feature of some of the phase-separating lipid 
mixtures examined here is a strong tendency to form long-lived 
metastable solutions upon cooling from the liquid-crystalline 
state, even when the bilayer content of the high-melting species 
exceeds its equilibrium solubility by as much as 40 mol 9%. The 
occurrence of such metastability in PC/PC(/cholesterol) and 
PC/cerebroside(/cholesterol) mixtures can be correlated with 
a second observation, namely that fluorescence-quenching 
measurements provide no evidence for preferential interactions 
of particular lipid species (e.g., clustering) in these systems 
outside the region of full-scale phase separation. For example, 
quenching curves obtained for liquid-crystalline POPC/ 
16Br-cerebroside/( 18c9/ 16-indoly1)-PC mixtures a t  subsatu- 
rating cerebroside levels are essentially superimpable on those 
obtained under the same conditions for similar mixtures labeled 
with (16-indolylpalmitoy1)cerebroside (not shown) and for 
POPC/mBrPC/( 18c9/16-indoly1)-PC mixtures with equal 
brominated lipid contents. The inability to detect any pref- 
erential interactions of particular lipid species in these liq- 
uid-crystalline bilayers, even very near the phase-separation 
boundary, suggests that such preferential self-association is 
characteristic only of the solid state and may in fact require 
very long times to nucleate even in liquid-crystalline bilayers 
containing (moderately) supersaturating levels of the segre- 
gating species. We are currently using fluorescence-quenching 
measurements to examine the distribution of lipids in the 
liquid-crystalline phase for other systems whose phase dia- 
grams suggest markedly nonideal lipid mixing. 

The three general types of phase-separating systems exam- 
ined here (PC/PC, PC/cerebroside, and PC/PA(Ca*+)) differ 
considerably with regard to the effects of cholesterol on the 
miscibility of the nonsterol lipid components. In all three 
systems, cholesterol at levels up to at least 30-35 mol ’% fails 
to promote completely homogeneous intermixing of lipids, in 
agreement with the conclusions of previous calorimetric and 
X-ray diffraction studies of related PC/PC and PC/cereb- 
roside mixtures (de Kruijff et al., 1973, 1974; Ruocco & 
Shipley, 1984; Johnston & Chapman, 1988; Finegold & 
Singer, 1991). In PC/PC mixtures, however, cholesterol at 
these levels is found to modestly increase the solubility of the 
higher-melting PC in the liquid-crystalline phase. Higher 
cholesterol levels (40-50 mol 5%) promote the formation of 
microscopically homogeneous solutions of the disaturated and 
monounsaturated PCs examined here. This conclusion extends 
previous calorimetric findings that similar phospholipid mix- 
tures exhibit no cooperative thermotropic transitions at high 
cholesterol levels (de Kruijff et al., 1973, 1974; Finegold & 
Singer, 1991). It seems clear that in the systems studied here 
the PC components become completely miscible at high cho- 
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lesterol contents rather than forming segregated cholesterol- 
rich phases with distinct phospholipid compositions, an al- 
ternative possibility that would also be consistent with the 
calorimetric findings just noted. The present data do not rule 
out the formal possibility that the cholesterol-rich PC/PC 
mixtures studied form segregated phases with distinct sterol 
contents but very similar phospholipid compositions. 

In contrast to its effects on phase-separating PC/PC mix- 
tures, cholesterol appears to alter only slightly the equilibrium 
solubility of cerebrosides in homogeneous liquid-crystalline 
PC bilayers, although as noted above the sterol strongly en- 
hances the tendency of such mixtures to form metastable 
solutions. The present results indicate that galactosphingolipids 
in the proportions found in the myelin membrane (ca. 20 mol 
’%) could undergo lateral segregation from PC at physiological 
temperatures even in the presence of high levels of cholesterol, 
regardless of whether we assume that the galactosphingolipid 
fraction is exofacially or symmetrically distributed in the 
myelin membrane. However, to extend this conclusion to the 
myelin membrane, we must assess both the effects of the 
less-abundant myelin lipids on PC/cerebroside miscibility and, 
more importantly, the question of whether cerebroside can 
undergo lateral segregation even if it is asymmetrically dis- 
tributed across the membrane bilayer. 

Cholesterol shows even less ability to attenuate the tendency 
toward lateral segregation of lipids in PC/PA(Ca2+) mixtures, 
a result consistent with previous observations that 1 3 3  mol 
5% cholesterol cannot abolish calcium-induced lateral phase 
separations in PC/phosphatidylserine bilayers (Tilcock et al., 
1984; Silvius, 1990). The strikingly poor ability of cholesterol 
to promote homogeneous incorporation of cerebrosides or 
PA(Ca”) into liquidwstalline POPC bilayers may be related 
in part to the low solubility of the sterol in the stable solid 
phases of cerebrosides and of PA(Ca2+), which obviously limits 
the ability of the sterol to destabilize these solid phases 
(Johnston & Chapman, 1988; R u m  & Shipley, 1984; Bach 
& Wachtel, 1989). In mixtures of saturated and unsaturated 
PCs, cholesterol may exert a dual effect to promote lipid 
intermixing, altering the properties of both the solid phase 
preferred by the higher-melting component and the liquid- 
crystalline phase preferred by the lower-melting component 
(Yeagle, 1985; Presti, 1985; Ipsen et al., 1987; Vist & Davis, 
1990; Finean, 1990). In PC/cerebroside or PC/(PA-Ca2+) 
mixtures, by contrast, the influence of cholesterol will be 
confined primarily to the latter effect, which alone is clearly 
insufficient to promote efficient lipid mixing at temperatures 
where the higher-melting component in isolation prefers the 
crystalline state. 

APPENDIX 
Our starting point is the basic equation for fluorescence 

quenching: 
(1) 

where kf, kn, and kBr represent respectively the rate constants 
for fluorescence emission, for all nonradiative decay processes 
unrelated to quenching by brominated residues, and for 
quenching by brominated acyl chains. For an individual 
fluorophore molecule, kBr represents a sum of contributions 
from all brominated acyl chains lying sufficiently close to the 
fluorophore to exert a significant quenching effect. As noted 
previously [Yeager & Feigenson, 1990 (to which the reader 
is refered for a more complete treatment of the problem)], 
prediction and interpretation of kBr can be simplified using 
the approximation that all brominated acyl chains lying within 
a sampling domain of M acyl chains around the fluorophore 

F/Fo = (kf + kn)/(kf + kn + k ~ r )  
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have a comparable probability to quench the probe fluores- 
cence, while for all more distal brominated chains this prob- 
ability is zero. 

In certain special cases, the effective quenching constant 
kBr (determined by the microscopic distribution of brominated 
and nonbrominated acyl chains around a fluorophore molecule) 
may be assumed to be essentially the same for all fluorophores 
in the system. One such case arises when each fluorophore 
is accompanied by a single nearby brominated chain, as when 
one of the disulfide-linked conjugates shown in Figure 3 is 
highly diluted in a nonbrominated lipid matrix. If we designate 
as E,, the contribution to the quenching rate constant made 
by a single brominated chain within the sampling domain, we 
expect that for a brominated conjugate before and after re- 
ductive cleavage with DTT 

[F[+DTT] /(F[-DTTI)lBrconj = 
(kf + k n  + EBr)/(kfr + kn’) (2) 

where unprimed and primed subscripts refer to the di- 
sulfide-linked and the reduced forms of the conjugates, re- 
spectively. Analogously, for the corresponding nonbrominated 
conjugate 

[F[+DTT] / (F[-DTT] 11 non-Br conj = (kf + kn) / (kf’ + kn’) 
(3) 

The difference of the left-hand terms given in eqs 2 and 3 is 
then simply equal to (Ee, / [kp + knf]). 

The overall quenching of probe fluorescence is also fairly 
simple to evaluate in a second special case, namely when the 
probe is dispersed in a matrix consisting entirely of brominated 
lipids. In this case, for the reduced form of one of the above 
conjugates 
FO/F = (kp + knf + MEB,)/(kp + knj) = 

1 + (MEBr/ [kf? + kn’l) (4) 

where Fo represents the normalized fluorescence measured for 
the same probe in a similar but nonbrominated lipid matrix. 
If the probe is dispersed in a matrix consisting entirely of lipids 
with one brominated and one nonbrominated acyl chain, it is 
correct to good approximation to replace M in the above ex- 
pression by (M/2) so long as M is not very small. By com- 
bining eqs 2, 3, and 4 and rearranging, we then obtain for one 
of the above conjugates 
([F(nonbrominated matrix)/F(brominated matrix)] - 

l)/([F[+DTTl/(F[-DTTI)IBr conj - [F[+DTT1 / 
(F[-DTTl)lnon-Br conj) = aM 

where CY = if the brominated “host” lipid used carries one 
brominated and one nonbrominated acyl chain and (Y = 1 if 
this lipid carries instead two brominated acyl chains. 

Applying the above calculations to data obtained for the 
indolyl-labeled conjugate shown in Figure 3 and its non- 
brominated analogue, the numerator term in eq 5 was found 
to be 2.328 f 0.534 using mBrPC as the brominated host lipid, 
and the denominator term was estimated as 0.1 127 f 0.0185, 
yielding an estimate of M = 41 f 7 acyl chains (mean f SEM, 
the latter estimated by standard propagation-of-error methods; 
N = 3). For the carbazolyl-labeled probe shown in Figure 3 
and its nonbrominated analogue, the numerator term was 
5.258 f 0.259 using tBr,PC as the brominated host species 
and the denominator was 0.2070 f 0.0151, giving an estimated 
value of M = 5 1  f 3 acyl chains (mean f SEM; N = 3). 

As already noted, the model used above to define and to 
estimate the parameter M is clearly an oversimplified picture 
of the detailed nature of the sampling domain. However, the 
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above estimates of M provide an equally useful picture of the 
dimensions of the sampling domain if we can assume simply 
that the terms EBr in eq 2 and (MEBr) in eq 4 represent mean 
values averaged in a similar manner over all sites sampled by 
the fluorophore. The interpretation of the estimated parameter 
M is discussed further in the text. 

Registry No. (16/11-Carbazole)-PC, 122412-48-0; ( 18-C9/16- 
indoly1)-PC, 139408-27-8; tBr,PC, 961 10-16-6; mBrPC, 139408-28-9; 
mBrPA, 139408-29-0; 16Br-cerebroside, 139408-30-3; DSPC, 8 16- 
94-4; DPPC, 63-89-8; POPC, 26853-31-6; dil6BrPC, 139408-31-4; 
(16/1l-carbazole)-PC disulfide linked to tBr2PC, 139408-32-5; 
(16/12-indolyl)-PC disulfide linked to mBrPC, 139408-33-6; chole- 
sterol, 57-88-5. 

REFERENCES 
Bach, D., & Wachtel, E. (1989) Biochim. Biophys. Acta 979, 

11-19. 
Bally, M. B., Tilcock, C. P. S. ,  Hope, M. J., & Cullis, P. R. 

(1983) Can. J .  Biochem. Cell Biol. 61, 346-352. 
Bolen, E., & Holloway, P. W. (1990) Biochemistry 29, 

Bunow, M. R., & Levin, I. W. (1988) Biochim. Biophys. Acta 

Caffrey, M. W., & Feigenson, G. W. (1981) Biochemistry 20, 

Caffrey, M., Moynihan, D., & Hogan, J. (1991) Chem. Phys. 

Calhoun, W. I., & Shipley, G. G. (1979) Biochemistry 18, 
1717-1722. 

Chattopadhyay, A,, & London, E. (1987) Biochemistry 26, 
39-45. 

Comfurius, P., & Zwaal, R. F. A. (1977) Biochim. Biophys. 
Acta 488, 36-42. 

Cullis, P. R., & de Kruijff, B. (1978) Biochim. Biophys. Acta 
507,207-2 18. 

Cullis, P. R., & Hope, M. J. (1980) Biochim. Biophys. Acta 
597, 533-542. 

Cullis, P. R., van Dijck, P. W. M., de Kruijff, B., & de Gier, 
J. (1978) Biochim. Biophys. Acta 513, 21-32. 

Cullis, P. R., Hope, M. J., de Kruijff, B., Verkleij, A. J., & 
Tilcock, C. P. S. (1985) in Phospholipids and Cellular 
Regulation (Kuo, J. F., Ed.) pp 1-59, CRC Press, Boca 
Raton, FL. 

Curatolo, W. (1986a) Biochim. Biophys. Acta 861,373-376. 
Curatolo, W. (1986b) Biochim. Biophys. Acta 906, 1 1  1-136. 
de Kruijff, B., van Dijck, P. W. M., Demel, R. A,, Schuijff, 

A,, Brants, F., & van Deenen, L. L. M. (1974) Biochim. 
Biophys. Acta 356, 1-7. 

de Kruyff, B., Demel, R. A., Slotboom, A. J., van Deenen, L. 
L. M., & Rosenthal, A. F. (1973) Biochim. Biophys. Acta 
307, 1-19. 

Demel, R. A., Jansen, J. W. C. M., van Dijck, P. W. M., & 
van Deenen, L. L. M. (1977) Biochim. Biophys. Acta 465, 
1-10. 

East, J. M., & Lee, A. G. (1982) Biochemistry 21,4144-4151. 
Finean, J .  B. (1990) Chem. Phys. Lipids 54, 147-156. 
Finegold, L., & Singer, M. A. (1991) Chem. Phys. Lipids 58, 

Florine, K. I., & Feigenson, G. W. (1987) Biochemistry 26, 

Froud, R. J., Earl, C. R. A., East, J. M., & Lee, A. G. (1986) 

Galla, H.-J., & Sackmann, E. (1975) Biochim. Biophys. Acta 

Graham, I. S.,  Gagnt, J., & Silvius, J. R. (1985) Biochemistry 

9638-9643. 

939, 577-586. 

1949-196 1. 

Lipids 57, 275-292. 

169-1 73. 

297 8-298 3. 

Biochim. Biophys. Acta 860, 354-360. 

401, 509-529. 

24, 7123-7131. 



3408 Biochemistry, Vol. 31, No. 13, 1992 

Guida, W. C., & Mathre, D. J. (1980) J. Org. Chem. 45, 

Imamura, S. ,  & Horiuti, Y. (1979) J.  Biochem. 85, 79-95. 
Ipsen, J. H., Karlstrom, G., Mouritsen, 0. G., Wennerstrom, 

H., & Zuckermann, M. J. (1987) Biochim. Biophys. Acta 
905, 162-172. 

Ito, T., & Ohnishi, S.4. (1974) Biochim. Biophys. Acta 352, 
29-37. 

Jacobs, R. E., & White, S .  H. (1989) Biochemistry 28, 
3421-3437. 

Johnston, D. S., & Chapman, D. (1988) Biochim. Biophys. 
Acta 939, 603-614. 

Kimura, Y., & Regen, S. L. (1983) J. Org. Chem. 48, 
1533-1534. 

Knoll, W., Schmidt, G., Rotzer, H., Henkel, T., Pfeiffer, W., 
Sackmann, E., Mittler-Neher, S., & Spinke, J. (1991) 
Chem. Phys. Lipids 57, 363-374. 

Lackowicz, J. R., & Hogen, D. (1980) Chem. Phys. Lipids 

Lapidot, Y., Rappaport, S., & Wolman, Y. (1967) J.  Lipid 

Lee, A. G. (1977) Biochim. Biophys. Acta 472, 285-344. 
Leventis, R., Fuller, N., Rand, R. P., Yeagle, P. L., Sen, A., 

Zuckermann, M. J., & Silvius, J. R. (1991) Biochemistry 
30, 7212-7219. 

London, E., & Feigenson, G. W. (1978) FEBS Lett. 96,51-54. 
London, E., and Feigenson, G. W. (1981) Biochemistry 20, 

Maggio, B., Ariga, T., Sturtevant, J. M., & Yu, R. K. (1985) 

Mason, J. T., Broccoli, A. V., & Huang, C.-h. (1981) Anal. 

McIntosh, T. J., & Holloway, P. W. (1987) Biochemistry 26, 

Momoi, T., Ando, S., & Magai, Y. (1976) Biochim. Biophys. 

Presti, F. T. (1985) in Membrane Fluidity in Biology (Aloia, 
R. C., & Boggs, J. M., Eds.) Vol. 4, pp 97-146, Academic 
Press, New York. 

3 172-3 176. 

26, 1-40. 

Res. 8, 142-145. 

1939-1 948. 

Biochim. Biophys. Acta 818, 1-12. 

Biochem. I 13, 96-101. 

1783-1 788. 

Acta 441, 488-497. 

Radin, N. S. (1976) J.  Lipid Res. 17, 290-293. 
RUOCCO, M. J., & Shipley, G. G. (1984) Biophys. J. 46, 
695-707. 

Silvius 

Ruo~co, M. J., Shipley, G. G., & Oldfield, E. (1983) Biophys. 

Shin, T. B., Leventis, R., & Silvius, J. R. (1991) Biochemistry 

Shin, Y.-K., & Freed, J. H. (1989) Biophys. J. 56,1093-1100. 
Shin, Y.-K., Moscicki, J. K., & Freed, J. H. (1990) Biophys. 

J .  57,445-459. 
Silvius, J. R. (1982) in Lipid-Protein Interactions (Jost, P. 

C., & Griffith, 0. H., Eds.) Vol. 2, pp 239-281, Wiley- 
Interscience, New York. 

J.  43, 91-101. 

30, 7491-7497. 

Silvius, J. R. (1990) Biochemistry 29, 2930-2938. 
Simmonds, A. C., East, J. M., Jones, 0. T., Rooney, E. K., 

McWhirter, J., & Lee, A. G. (1982) Biochim. Biophys. 

Simmonds, A. C., Rooney, E. K., & Lee, A. G. (1984) Bio- 

Still, W. C., Kahn, M., & Mitra, A. (1978) J. Org. Chem. 

Thompson, T. E., & Tillack, T. W. (1985) Annu. Rev. Bio- 
phys. Biophys. Chem. 14, 361-386. 

Tilcock, C. P. S., Bally, M. B., Farren, S. B., & Cullis, P. R. 
(1982) Biochemistry 21, 4596-4601, 

Tilcock, C. P. S., Bally, M. B., Farren, S. B., Cullis, P. R., 
& Gruner, S. M. (1984) Biochemistry 23, 2696-2703. 

Tilcock, C. P. S., Cullis, P. R., & Gruner, S. M. (1988) 
Biochemistry 27, 14 15- 1420. 

van Dijck, P. W. M. (1979) Biochim. Biophys. Acta 555, 
89-101. 

van Dijck, P. W. M., de Kruijff, B., van Deenen, L. L. M., 
de Gier, J., & Demel, R. A. (1976) Biochim. Biophys. Acta 

van Dijck, P. W. M., de Kruijff, B., Verkleij, A. J., van 
Deenen, L. L. M., & de Gier, J. (1 978) Biochim. Biophys. 
Acta 512, 84-96. 

Vist, M. R., & Davis, J. H. (1990) Biochemistry 29,451-464. 
Wiener, M. C., & White, S. H. (1991) Biochemistry 30, 

Wu, EA., Jacobson, K., & Papahadjopoulos, D. (1977) Bio- 

Yeager, M. D., & Feigenson, G. W. (1990) Biochemistry 29, 

Yeagle, P. L. (1985) Biochim. Biophys. Acta 822,267-287. 

Acta 693, 398-406. 

chemistry 23, 1432-1441. 

43, 2923-2925. 

455, 576-587. 

6997-7008. 

chemistry 16, 3936-3941. 

4380-4392. 


