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ABSTRACT We carried out comparative DSC and Fourier transform infrared spectroscopic studies of the effects of cholesterol
and lanosterol on the thermotropic phase behavior and organization of DPPC bilayers. Lanosterol is the biosynthetic precursor
of cholesterol and differs in having three rather than two axial methyl groups projecting from the b-face of the planar steroid
ring system and one axial methyl group projecting from the a-face, whereas cholesterol has none. Our DSC studies indicate
that the incorporation of lanosterol is more effective than cholesterol is in reducing the enthalpy of the pretransition. Lanosterol is
also initially more effective than cholesterol in reducing the enthalpies of both the sharp and broad components of the main
phase transition. However, at sterol concentrations of 50 mol %, lanosterol does not abolish the cooperative hydrocarbon
chain-melting phase transition as does cholesterol. Moreover, at higher lanosterol concentrations (;30–50 mol %), both sharp
and broad low-temperature endotherms appear in the DSC heating scans, suggestive of the formation of lanosterol crystallites,
and of the lateral phase separation of lanosterol-enriched phospholipid domains, respectively, at low temperatures, whereas
such behavior is not observed with cholesterol at comparable concentrations. Our Fourier transform infrared spectroscopic
studies demonstrate that lanosterol incorporation produces a less tightly packed bilayer than does cholesterol, which is
characterized by increased hydration in the glycerol backbone region of the DPPC bilayer. These and other results indicate that
lanosterol is less miscible in DPPC bilayers than is cholesterol, but perturbs their organization to a greater extent, probably due
primarily to the rougher faces and larger cross-sectional area of the lanosterol molecule and perhaps secondarily to its
decreased ability to form hydrogen bonds with adjacent DPPC molecules. Nevertheless, lanosterol does appear to produce a
lamellar liquid-ordered phase in DPPC bilayers, although this phase is not as tightly packed as comparable cholesterol/DPPC
mixtures.

INTRODUCTION

Cholesterol is a major and essential lipid component of the

plasma membranes of the cells of higher animals and is also

found in lower concentrations in certain intracellular mem-

branes in vesicular communication with the plasma mem-

brane (1–3). Although cholesterol has a number of different

functions in animal cells, one of its primary roles is as a mod-

ulator of the physical properties and lateral organization of

the plasma membrane lipid bilayer. Thus, many studies of

the interaction of cholesterol with phospholipid monolayer

and bilayer model membranes have been performed, uti-

lizing a wide range of physical techniques (2,4–7). These

studies, most of which have utilized symmetrical-chain,

linear-saturated PCs, have established that one of the major

effects of cholesterol incorporation on phospholipid mono-

layer and bilayer model membranes is a broadening and even-

tual elimination of the cooperative gel-to-liquid-crystalline

phase transition and its replacement by a phase with an

intermediate degree of organization. Thus, in the liquid-

crystalline phase, which would exist at physiological tem-

peratures in the absence of sterols in biological membranes,

the presence of cholesterol significantly increases the orien-

tational order of the phospholipid hydrocarbon chains and

decreases the cross-sectional area occupied by the phos-

pholipid molecules, while only moderately restricting the

rates of phospholipid lateral diffusion or hydrocarbon chain

motion. In addition, the presence of cholesterol increases

both the thickness and mechanical strength and decreases the

permeability of the phospholipid bilayer in the physiolog-

ically relevant liquid-crystalline phase. The relatively high

rates of intramolecular and intermolecular motion character-

istic of phospholipid model membranes in the presence of

high levels of cholesterol, coupled with an increased hydro-

carbon chain order and a decreased area compressibility,

have prompted several workers to postulate the existence of a

discrete liquid-ordered or Lo phase in model and biological
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membranes having cholesterol levels above ;7–8 mol %

(5,8–9). However, as many of the physical properties of model

membranes composed of cholesterol and a single phos-

pholipid change smoothly and monotonically with progres-

sive increases in cholesterol concentration up to 50 mol %

(2,4–7), the existence of thermodynamically discrete, mac-

roscopic Lo and Ld phases in such binary systems has been

questioned (7,10,11), and it has been suggested that the

behavior of phospholipid/cholesterol systems can be explained

by the formation of various superlattices (12) or molecular

complexes (13). However, in model membranes composed

of cholesterol, unsaturated PCs, and natural SpMs, the speci-

ficity of the interaction of cholesterol for SpM can result in

the formation of macroscopic domains enriched in cholesterol

and SpMs and depleted in unsaturated PCs, and such domains

are thought to form the molecular basis for the possible

existence of detergent-insoluble and cholesterol- and SpM-

enriched lipid rafts in biological membranes (14–19). Even

in such ternary systems, however, the existence of thermo-

dynamically discrete Lo and Ld systems has not been de-

tected by DSC or x-ray diffraction (20) and a number of

workers have found the evidence for the existence of rela-

tively large, long-lived lipid rafts in biological membranes

unconvincing (21–23). Whatever the biophysical details, it is

clear that the presence of cholesterol in biological mem-

branes does modulate a number of different membrane func-

tions, either directly or via its effects on the properties and

lateral organization of the phospholipid bilayer (2,24–26).

A number of researchers have investigated the effects of

systematic variations in the structure and stereochemistry of

the cholesterol molecule on the thermotropic phase behavior,

organization, and passive permeability of phospholipid bilayers

(2,4,6,7). In general, most structural and stereochemical al-

terations result in some loss of the ability of the cholesterol

molecule to produce its characteristic effects on phospho-

lipid bilayers. Also, sterols must possess an equatorially ori-

ented C3-hydroxy group, a rigid planar fused ring system,

and a flexible hydrocarbon side chain at C17 for maximum

effect, whereas the degree of unsaturation of the ring system

and the size of the alkyl side chain are of less importance.

Interestingly, exactly the same structural features are required

for exogenous sterols to support the maximum growth of

sterol-auxotropic mycoplasma, yeast, and mammalian cells

(24–26), confirming that one of the major roles of cholesterol

in eukaryotic membranes is to regulate the physical properties

of the lipid bilayer.

FIGURE 1 Molecular models of cholesterol and lanosterol. The top panels show views normal to the plane of the sterol ring and the bottom panels show

views parallel to the plane of the sterol ring. The structural differences between the two sterols are highlighted in yellow.
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Lanosterol is the first tetracyclic intermediate in the bio-

synthesis of cholesterol and other sterols in all eukaryotic

cells (1). As illustrated in Fig. 1, lanosterol differs from cho-

lesterol in having two extra methyl groups at C4 and an

extra axial methyl group at C14, as well as having two

double bonds at C8–C9 and C24–C25 rather than a single

double bond at C5–C6. Thus, lanosterol, unlike cholesterol,

has three rather than two axial methyl groups projecting from

the b-face of the planar steroid ring system and one axial

methyl group projecting from the a-face, whereas choles-

terol has none. These three extra methyl groups on lanosterol

give the molecule a rougher surface and a slight bend com-

pared to cholesterol. Also, it is possible that the extra methyl

groups at C4 may interfere with efficient hydrogen bonding

of the hydroxyl group at C3 (27). Indeed, it has been pro-

posed that the energy-requiring removal of the three extra

methyl groups present on the lanosterol molecule is part of

the molecular evolution of sterol molecules to produce cho-

lesterol and other sterols with a smoother surface and a more

exposed hydroxyl group, which can thus interact more strongly

with the phospholipids and sphingolipids in eukaryotic

plasma membranes to produce their characteristic ordering

effects (28–29). Indeed, studies of the comparative effects of

lanosterol and cholesterol on the passive permeability (30–

31) and molecular ordering and dynamics (31–42) of phos-

pholipid model membranes have indicated that the lanosterol

molecule itself is less ordered and more mobile in phospho-

lipid bilayers than is cholesterol, and that lanosterol is also

less potent at reducing the passive permeability and increasing

the order of the hydrocarbon chains of the lipid model

membranes. Similar results were reported for membranes of

the cell wall-less bacteria Mycoplasma capricolum (24,43).

In addition, although lanosterol and cholesterol increase the

thicknesses of La DMPC bilayers to a similar extent, lan-

osterol is less effective than cholesterol in reducing the

thermal area expansion coefficient (44). Moreover, lanos-

terol is less effective than cholesterol in increasing phos-

pholipid bilayer bending rigidity (45,46) and in increasing

the lateral tension and surface viscosity of the bilayer (47).

Subtle differences in the location, mobility, and effects of

lanosterol and cholesterol on phospholipid bilayers that

generally parallel those found experimentally have also been

reported using molecular dynamics and Monte Carlo sim-

ulations (38,48). Finally, lanosterol has been reported to

have a weaker effect than cholesterol in promoting lateral

domain formation in lipid-raft-mimetic model membrane

systems (49,50).

High-sensitivity DSC is a nonperturbing thermodynamic

technique that has proven of great value in studies of the

effect of cholesterol and cholesterol analogs on the thermo-

tropic phase behavior of phospholipid and sphingolipid bi-

layers (11,51–57). However, there appears to have been only

one high-sensitivity DSC study of lanosterol/phospholipid

model membranes to date (38). These workers reported that

lanosterol abolished the main phase transition of PPetPC

vesicles at all concentrations .12 mol %, whereas cholesterol

did so only above concentrations of ;20 mol %. Moreover, it

was reported that lanosterol reduced the gel/liquid-crystalline

phase transition temperature of the PPetPC bilayer to a

greater extent than cholesterol, although this effect, if real,

was small (;1�C at 10 mol % sterol). Based on their DSC

and 2H-NMR studies, Miao et al. (38) proposed that the

lanosterol/PPetPC phase diagram is qualitatively different

from the cholesterol/DPPC phase diagram, and, subsequently,

that lanosterol, unlike cholesterol, is unable to form a Lo

phase in phospholipid bilayers (58). However, the calori-

metric results reported by Miao et al. are quite different from

those obtained in other high-sensitivity DSC studies of

disaturated or mixed-chain saturated-unsaturated PC/choles-

terol mixtures, where the main phase transition is not abol-

ished until cholesterol concentrations near 50 mol % are

reached. Moreover, as we have shown previously (52), the

use of a constant sample size and DSC instrumental sen-

sitivity setting can result in a failure to detect and accurately

monitor the less energetic and less cooperative chain-melting

phase transition occurring at high sterol concentrations. We

have thus reinvestigated the effect of lanosterol and choles-

terol on the thermotropic phase behavior of the well studied

DPPC bilayers using a higher sensitivity calorimeter and an

experimental protocol which ensures that the broad, lower

enthalpy phase transitions occurring at higher sterol levels

are accurately monitored. Moreover, we have also investi-

gated the effects of lanosterol and cholesterol incorporation

on the organization of DPPC bilayers by FTIR spectroscopy.

Overall, our results indicate that the effects of lanosterol on

the thermotropic phase behavior and organization of DPPC

vesicles are somewhat different from and more complex than

those of cholesterol.

MATERIALS AND METHODS

The DPPC and cholesterol were both obtained from Avanti Polar Lipids

(Alabaster, AL), whereas the lanosterol was supplied by Research Plus

(Manasquan, NJ). The purities of DPPC and cholesterol were .99% and the

purity of the lanosterol was .98%. All organic solvents were of at least

analytical-grade quality and were redistilled before use. Samples were pre-

pared in clean glass tubes by mixing appropriate volumes of standard so-

lutions of DPPC and the appropriate sterol in chloroform:methanol (;95:5,

v/v) to obtain the required lipid:sterol ratio. The solvent was then removed

with a stream of nitrogen at temperatures near 55�C, such that the lipid:sterol

mixtures were cast as thin films on the sides of the tubes. The latter were

dried in vacuo overnight to remove the last traces of solvent and were sub-

sequently dispersed in an appropriate volume of deionized water by vigorous

vortex mixing at temperatures near 55–60�C. We find that this procedure

avoids any fractional crystallization of sterol during sample preparation.

The samples used for the DSC experiments were prepared by dispersing

appropriate amounts of the dried lipid/sterol mixture in 1 ml of deionized

water. The dispersion was then degassed and 324-ml aliquots were with-

drawn for DSC analyses. To ensure better resolution of the broad low-

enthalpy thermotropic transitions exhibited by sterol-rich mixtures, the amount

of lipid used for DSC measurements was progressively increased with the

sterol content of the mixture (52). Typically, samples containing 1–3 mg phos-

pholipid were used at sterol concentrations ,5 mol %, 5–8 mg phospholipid
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at sterol concentrations between 5 and 15 mol %, and 10–15 mg of phos-

pholipid at all higher sterol concentrations. DSC heating and cooling ther-

mograms were recorded with a high-sensitivity Nano II DSC (Calorimetry

Sciences, Lindon, UT) operating at a scan rate of 10�C/h. The data acquired

were analyzed and plotted with the Origin software package (OriginLab,

Northampton, MA). In cases where the DSC thermograms appeared to be a

summation of overlapping components, the midpoint temperatures, areas,

and widths of the components were estimated with the aid of the Origin

nonlinear least-squares curve- and peak-fitting procedures and a custom-

coded function based on the assumption that the observed thermogram was a

linear combination of components, each of which could be approximated by

a reversible two-state transition at thermodynamic equilibrium.

Samples used for FTIR spectroscopic experiments were prepared by

dispersing dried lipid/sterol mixtures containing 2–3 mg of phospholipids in

50 ml of distilled water at temperatures near 55–60�C. The paste so formed

was then sealed as a thin (25-mm) film between the CaF2 windows of a

heatable demountable liquid cell equipped with a 25-mm Teflon spacer.

Once mounted in the sample holder of the instrument, sample temperature

could be controlled between �20�C and 90�C by means of an external

computer-controlled water bath. FTIR spectra were acquired with a Digilab

FTS-40 Fourier-transform spectrometer (Biorad, Digilab Division, Cam-

bridge, MA) using data-acquisition and data-processing protocols described

by Lewis et al. (59).

RESULTS

The overall pattern of thermotropic phase
behavior observed in cholesterol/DPPC and
lanosterol/DPPC multilamellar liposomes

Fig. 2 shows DSC heating scans of DPPC dispersions con-

taining differing concentrations of both sterols. The overall

pattern of behavior seen on heating is similar to that reported

previously for cholesterol/DPPC mixtures using less sensi-

tive DSC instruments (11,52,53). In the absence of sterols,

DPPC heating scans show two sharp endothermic peaks, ini-

tially centered at 34�C and 41.2�C, which correspond to the

pretransition (Lb9/Pb9) and main (Pb9/La) phase transitions,

respectively. Increasing the sterol concentration gradually

broadens the pretransition and reduces its temperature and

enthalpy in both cases. Similarly, in the case of the main

phase transition, increasing the sterol concentration initially

FIGURE 3 DSC thermograms illustrating the effect of cholesterol (A) and

lanosterol (B) on the pretransition of DPPC. The thermograms shown were

acquired at the sterol concentrations (mol %) indicated and have all been

normalized against the mass of DPPC used. The thermograms shown for

DPPC/sterol mixtures containing 10 mol % cholesterol and 6.25 mol %

lanosterol are plotted on a y axis fivefold expanded relative to all others.

FIGURE 2 DSC thermograms illustrating the effect of cholesterol (A) and

lanosterol (B) on the gel/liquid-crystalline phase transition of DPPC. The

thermograms shown were acquired at the sterol concentrations (mol %)

indicated and have all been normalized against the mass of DPPC used. The

y axis scaling factors are indicated on the left-hand side of each thermogram.

FIGURE 4 Effect of increases in sterol concentration on the Tp, DH, and

DT½ of the pretransition of DPPC. The symbols (n) and (h) represent the

data from the cholesterol- and lanosterol-containing samples, respectively.
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produces a multicomponent DSC endotherm, consisting of a

sharp component that is progressively reduced in tempera-

ture, enthalpy, and cooperativity, and a broad component

that increases in both temperature and enthalpy but decreases

in cooperativity. Thus, with increasing sterol concentrations,

the sharp component disappears as the broad component

grows. However, there are significant differences in the

pattern of thermal events observed in the cholesterol/DPPC

(Fig. 2 A) and lanosterol/DPPC (Fig. 2 B) samples, which

indicate that the behavior of the latter is more complex. In

particular, the DSC thermograms exhibited by the lanosterol-

rich DPPC mixtures exhibit a series of sharp endotherms su-

perimposed on the broad components, features that are not

observed in any of the cholesterol-containing DPPC mix-

tures examined. We will therefore focus first on the effect of

both sterols on the pretransition and on the major components

of main phase transition of DPPC, and address the issue of

complex behavior of the lanosterol-rich preparations later.

The effects of cholesterol and lanosterol on the
pretransition of DPPC

To investigate the disappearance of the pretransition in greater

detail, we prepared sterol/DPPC samples with a narrower

range of either cholesterol or lanosterol concentrations. The

gradual elimination of the pretransition in the DSC heating

scans as a function of sterol concentration is shown in Fig. 3

and the derived thermodynamic measurements for both

sterol/DPPC systems are presented in Fig. 4. The cholesterol/

DPPC and lanosterol/DPPC samples show comparable de-

creases in the Tp (Fig. 4, A and B) with increasing sterol con-

centration. Although the values of Tp decrease at similar

rates, the values of DH (Fig. 4, C and D) and DT1/2 (Fig. 4, E
and F) decrease and increase, respectively, more rapidly in

the lanosterol/DPPC mixtures than in the corresponding

cholesterol/DPPC mixtures. Thus, the pretransition isabolished

at a lanosterol concentration of ;7 mol %, whereas it persists

up to a cholesterol concentration of ;10 mol %. Since these

changes occur over a narrower range of sterol concentration

in the lanosterol/DPPC samples (0–7 mol %) compared to

the cholesterol/DPPC samples (0–10 mol %), we can con-

clude that lanosterol is more effective at abolishing the pre-

transition than is cholesterol on a molar basis. A possible

molecular explanation for this observation will be presented

in the Discussion.

The effects of sterol concentration on the main phase
transition of DPPC

The DSC data shown in Fig. 2 indicate that at low to mod-

erate sterol concentrations, both cholesterol- and lanosterol-

containing DPPC bilayers exhibit asymmetric thermograms

that consist of at least two overlapping thermal events. One

of these components is considerably sharper than the others,

its peak temperature and cooperativity decrease slightly, but

its enthalpy decreases markedly with increasing sterol con-

tent. The other component (or components) is considerably

broader, its midpoint temperature(s) exhibits a more complex

dependence on sterol content, and it is the only component(s)

persisting at the higher range of sterol concentrations. This

pattern of sterol-concentration-dependent behavior has been

observed previously (11,52–53), and the resolved sharp and

broad components have been ascribed to the differential

melting of sterol-poor and sterol-rich lipid domains, respec-

tively. However, there are significant differences between the

sterol-concentration-dependent behaviors exhibited by the

cholesterol- and lanosterol-containing preparations, especially

with regard to the quantitative aspects of the sterol-concen-

tration dependence of the number and overall properties of

the underlying sharp and broad peaks (Fig. 5). This aspect of

our experimental observations was further examined through

the application of computer-assisting curve- and peak-fitting

procedures to deconvolve the observed DSC thermograms

into their component peaks, so that the sterol-concentration

dependence of each component could be examined and com-

pared (see below).

The data presented in Fig. 5 are an example of the results

typically obtained in our curve-fitting analyses of the DSC

thermograms exhibited by the cholesterol- and lanosterol-

containing mixtures. These results indicate that at lower

sterol concentrations, the observed DSC thermograms of the

cholesterol-containing mixtures can be accurately simulated

by a summation of two components (one sharp and one broad),

whereas those of the lanosterol-containing preparations can

FIGURE 5 Illustration of the results typically obtained in our peak-fitting

deconvolution analyses of the DSC thermograns exhibited by cholesterol-

containing (A) and lanosterol-containing (B) DPPC bilayers. The thermo-

grams shown both contained 15 mol % sterol. To facilitate visibility, the

fitted curves are slightly displaced along the y axis.
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only be accurately simulated if one assumes that the DSC

thermograms are summations of one sharp and at least two

broad components (see Fig. 5). Moreover, we find that in the

higher range of sterol concentrations, the thermograms ex-

hibited by the cholesterol-containing bilayers can be accu-

rately simulated by a single broad, low-enthalpy component,

whereas simulation of the thermograms of the lanosterol-

containing mixtures requires the assumption of at least two

broad, low-enthalpy components (Fig. 5). These observa-

tions strongly suggest that bilayers derived from DPPC

mixtures of moderate to high lanosterol content contain at

least two significant populations of independently melting,

lanosterol-rich domains, a possibility also supported by the

results of our FTIR spectroscopic studies (see below). We

present below a detailed analysis of the effects of variations

in cholesterol content on the sharp and broad components of

our DSC thermograms.

Effect of cholesterol and lanosterol on the sharp component
of the DPPC main phase transition

The Tm values obtained from the sharp and broad compo-

nents of the main phase transition of both the cholesterol/

DPPC and lanosterol/DPPC mixtures are shown in Fig. 6.

The sharp components of both sterol/DPPC systems (Fig. 6 A)

show a gradual decrease in Tm, which closely follows the Tm

values obtained for the overall DSC curves. Above 5 mol %,

the decrease in the Tm values of the cholesterol/DPPC mix-

tures levels off and reaches a minimum at 20 mol %, whereas

that of the lanosterol/DPPC samples reaches a minimum at

10 mol %.

The corresponding values of DT1/2 for the sharp compo-

nents of both sterol/DPPC mixtures (Fig. 6 B) also closely

follow those of the overall curve at low sterol concentrations

and are virtually identical up to a concentration of 7 mol % in

both sterol/DPPC systems. At higher sterol concentrations,

the DT1/2 values of the sharp component increase sharply for

the lanosterol system above 7 mol %, whereas those of the

cholesterol/DPPC mixtures increase gradually above 10 mol %,

reflecting the different abilities of these sterols to broaden

the DPPC main phase transition. In contrast, the pattern of

DH values for the sharp component of both sterol/DPPC sys-

tems is more complex (Fig. 6 C). After the initial drop in

enthalpy, there is a small window where the DH values for

both sterol/DPPC mixtures are indistinguishable from one

another and decrease very slowly (Fig. 6 C). At sterol con-

centrations .3 mol %, there is a more rapid decrease in the

DH values of the sharp component for both sterol/DPPC mix-

tures. In the case of the lanosterol/DPPC system, the sharp

component is abolished at ;15 mol %, whereas in the

cholesterol/DPPC system it is abolished at ;25 mol %, again

reflecting differences in the ability of each sterol to abolish

the main phase transition of DPPC. The possible molecular

basis for these differential effects will be addressed in the

Discussion.

Effect of cholesterol and lanosterol on the broad
component(s) of the DPPC main phase transition

An analysis of the broad components obtained from our decon-

volution of the overall DSC thermograms for both sterol/

DPPC systems is shown in Fig. 6, D–F. The broad com-

ponent of the cholesterol/DPPC thermograms shows a lin-

ear increase in temperature over the entire range of sterol

concentrations (Fig. 6 D). In the lanosterol/DPPC system,

our analysis produced two broad peaks using the above-

mentioned deconvolution of the overall thermogram. Of those

two broad components, the first (BC1) is initially found on

the low temperature side of the sharp component. From 3–10

mol %, the BC1 and the sharp component are almost

superimposed and their temperature maxima decrease at sim-

ilar rates, suggesting that these two components are closely

related; however, above 10 mol % lanosterol the BC1 is

abolished. At 3 mol %, the second broad component (BC2)

becomes visible initially on the low-temperature side of the

sharp component just below the BC1. At higher lanosterol

concentrations, the temperature of the BC2 increases, cross-

ing over to the high temperature side of both the BC1 and the

sharp component at ;4 mol %. This crossover point occurs

at a similar sterol concentration in the cholesterol/DPPC

mixtures, in agreement with our earlier studies (11,52).

The BC2 also increases in temperature more rapidly and at

15 mol % lanosterol is found at a slightly higher temperature

than the broad component seen in the corresponding

cholesterol/DPPC mixtures. Above 15 mol % lanosterol, the

temperature of the BC2 decreases, becoming increasingly

FIGURE 6 Thermodynamic parameters for the deconvolved sharp (A–C)

and broad (D–F) components obtained from the DSC heating thermograms

of the cholesterol/DPPC (:, ;) and lanosterol /DPPC (n, ,, s) samples

as a function of sterol concentration. The open circles represent the lower-

temperature broad component of the lanosterol/DPPC samples. The error

bars were typically equal to or smaller than the size of the symbols.
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difficult to measure against the broad components that ap-

pear at lower temperatures and are of unknown origin. The

DSC thermograms suggest that the BC2 is completely abol-

ished at a concentration between 30 and 40 mol % lanosterol.

Thus, at lower sterol concentrations, the phase transition

temperature of the BC2 behaves similarly to the broad compo-

nent seen in the deconvolved cholesterol/DPPC system.

However, at higher sterol concentrations, the decrease in the

temperature maximum of the BC2, and for that matter of the

BC1 over its entire concentration range, is reminiscent of the

behavior seen in the androstenol/DPPC systems, which exhibit

androstenol/DPPC immiscibility at higher sterol concentra-

tions (53). These disparities in the temperature maxima may

indicate differences in the miscibility and packing of lano-

sterol and androstenol in DPPC bilayers when compared to

the cholesterol/DPPC system, where the sterol and DPPC

seem to be freely miscible.

For both sterol/DPPC systems, the DT1/2 values of the

broad components are significantly larger than those of the

sharp component and show a gradual increase with increasing

sterol concentration (Fig. 6 E). In the lanosterol/PC system,

the DT1/2 values of the BC1 are larger than those of the BC2.

The BC1 seems to be abolished above 10 mol % lanosterol,

yet does not appear to become very broad like the BC2 com-

ponent or the broad component of the cholesterol/DPPC

system. This may be an artifact that arises from the inability

of the deconvolution routine to identify small components

against a broad, highly energetic second component. The DT1/

2 values of the lanosterol/DPPC BC2 component increase

linearly with increasing sterol concentration and, over the

range 10–30 mol %, are significantly greater than those of

the cholesterol/DPPC broad component, again indicating

that lanosterol has a greater broadening effect on the overall

DPPC phase transition than does cholesterol.

The DH values of the cholesterol/DPPC broad component

gradually increase up to a concentration of ;15 mol %, above

which these steadily decrease and the phase transition is

abolished between 40 and 50 mol % (Fig. 6 F). Both of the

broad components of the lanosterol/DPPC system seem to

follow a similar pattern, reaching a maximum at the same

sterol concentration, but with a slightly lower enthalpy value.

For the BC1 curve, the DH values slowly increase up to ;6

mol %, above which they decrease. The DH values of the BC2

curve increase rapidly with increasing lanosterol concentra-

tion and do so at a slightly faster rate than either the BC1

component or the broad component of the cholesterol/DPPC

system. At a lanosterol concentration of 15 mol %, the BC2

component has a higher Tm and DT1/2 and a similar DH
compared to the corresponding values for the cholesterol/

DPPC broad component. However, above 15 mol %, the DH
of the BC2 decreases at a faster rate than for the cholesterol/

DPPC broad component. Above a lanosterol concentration

of 30 mol %, we could not reliably deconvolve the BC2

contribution from that of the broad components of unknown

origin seen at lower temperatures (Fig. 2). In the case of the

cholesterol/DPPC system, the enthalpy of the broad compo-

nent crosses that of the sharp component at ;10 mol %,

whereas in the lanosterol/DPPC system those of BC2 first

cross BC1 at ;6 mol % and then cross that of the sharp

component, also at ;10 mol %.

A comparison of all three thermodynamic parameters for

both the cholesterol/DPPC and lanosterol/DPPC systems

(Fig. 6) shows that the sharp component is reduced more

rapidly and thus is eliminated at a lower concentration in the

lanosterol/DPPC relative to the cholesterol/DPPC DSC curves,

suggesting that lanosterol is better able to perturb the packing

FIGURE 7 Overall enthalpy values obtained for cholesterol/DPPC (d)

and lanosterol/DPPC (s) mixtures from DSC heating curves. The largest

error bar was equal to the symbol diameter.

FIGURE 8 Net temperature shift of the sharp and broad components of

the main chain melting phase transition of cholesterol/DPPC (:, ;) and

lanosterol/DPPC (n, ,, s) samples obtained from DSC heating thermo-

grams relative to that of pure DPPC. Two broad components exist in the

lanosterol samples, and are depicted here as either an open inverted triangle

(upper-temperature component) or an open circle (lower-temperature

component).
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of DPPC molecules than is cholesterol. This is supported by

the plot of the overall enthalpy for both sterol/DPPC systems

shown in Fig. 7.

A plot of net temperature shift for both cholesterol- and

lanosterol-containing samples is shown in Fig. 8. The tem-

perature shift of the sharp component for the lanosterol/

DPPC dispersions is more negative than that of the corre-

sponding cholesterol/DPPC values, as reported by Miao et al.

(38). The values for the upper-temperature broad component

are similar up to a concentration of 15 mol % sterol, but then

differ markedly. For lanosterol, the values decrease above 15

mol %, whereas in the cholesterol samples, they continue to

increase. The possible molecular basis for the observed dif-

ferences in the thermotropic phase behavior of the cholesterol/

DPPC and lanosterol/DPPC binary mixtures will be pre-

sented in the Discussion.

FOURIER TRANSFORM INFRARED
SPECTROSCOPIC STUDIES

It is clear from the calorimetric studies presented above that

the lanosterol-rich DPPC preparations exhibit a number of

broad, lower-temperature endothermic events that were not

present in the corresponding cholesterol-rich preparations.

Given that the presence of significant amounts of some types

of sterols in PC membranes is known to promote the for-

mation of one or more lamellar crystalline phases (11,52),

FTIR spectroscopic examinations of the thermotropic phase

behavior of representative cholesterol- and lanosterol-con-

taining DPPC preparations were also performed to examine

the structural basis of the thermotropic events resolved by

DSC.

Illustrated in Fig. 9 are FTIR absorption bands illustrating

the general features of the temperature-induced changes in

the spectra exhibited by the DPPC and the DPPC-sterol

mixtures examined. In the 2800–3000 cm�1 region (Fig. 9 A),

the dominant features are the conformationally sensitive ab-

sorption bands arising predominantly from the symmetric

and asymmetric C-H stretching vibrations of the methylene

groups on the hydrocarbon chains of DPPC. At temperatures

below the onset of the lipid hydrocarbon chain-melting phase

transition, these vibrational modes give rise to sharp absorp-

tion peaks centered near 2849 and 2916 cm�1, respectively.

At the lipid hydrocarbon chain-melting phase transition,

there is a discontinuous increase in the width (;15%) and

frequency (;2–5 cm�1) of these absorption bands, reflecting

the increase in the mobility and gauche rotomer content of

the lipid hydrocarbon chains, respectively (60–62). In the

1650–1800 cm�1 region (Fig. 9 B), the broad absorption

band centered near 1740 cm�1 arises from the C¼O stretch-

ing vibrations of the ester carbonyl groups at the bilayer

polar/apolar interfacial region, and as with most fully

hydrated glycerolipid bilayers, this band is resolvable into

components centered near 1740 and 1728 cm�1. These latter

components arise from populations of ‘‘free’’ and hydrogen-

bonded ester carbonyl groups, respectively (60–62, and

references cited therein). At the lipid hydrocarbon chain-

melting phase transition, there is usually an increase in the

FIGURE 9 Representative temperature-dependent changes in the con-

tours of the FTIR spectra of sterol-containing DPPC bilayers. The data

shown were acquired at the temperatures indicated with a cholesterol-

containing DPPC mixture (15 mol %) and typify the changes in the band

contours observed in the C-H stretching (A) and the C¼O stretching (B)

regions of the infrared spectrum.

FIGURE 10 Temperature-dependent changes of the CH2 symmetric

stretching band maxima exhibited by DPPC bilayers containing 20 mol %

lanosterol (h) and 25 mol % cholesterol (n). The inset shows the scaled first

derivatives of the temperature-dependent plots shown in the main panel.
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relative contribution of the hydrogen-bonded population,

reflecting the increased penetration of water into the polar/

apolar interfacial region. In these studies, the changes in the

FTIR spectra are all correlated with the calorimetrically

resolved thermotropic phase changes described above and

are typical of the simple Lb/La hydrocarbon chain-melting

phase transitions of glycerolipid bilayers. This observation

essentially eliminates the possible involvement of DPPC

lamellar crystalline phases as contributory factors to the

structural changes occurring at the broad, low-temperature

thermotropic events exhibited by cholesterol- and lanosterol-

rich DPPC mixtures.

The FTIR data also suggest that lanosterol and cholesterol

have qualitatively similar effects on both the hydrocarbon

chains and the carbonyl groups of the host DPPC bilayer. At

temperatures above the DPPC chain-melting phase transi-

tion, the CH2 stretching frequencies of both sterol-DPPC

mixtures are reduced relative to DPPC itself, suggesting that

both sterols order the hydrocarbon chains of the phospho-

lipid molecules in the liquid-crystalline state, as might be

expected from the results of the previous comparative studies

summarized in the Introduction. Similarly, at temperatures

below the DPPC chain-melting phase transition, the CH2

stretching frequencies of both sterol-DPPC systems are ele-

vated relative to that of DPPC alone, indicating that both sterols

disorder the hydrocarbon chains in the gel state. Moreover,

the frequencies of both components of the C¼O stretching

vibrations are lower in the lanosterol- than in the cholesterol-

containing DPPC bilayer, suggesting a more hydrated and

thus a more loosely packed bilayer. These two observations

are compatible with one another and with most previously

published studies, which indicate that the lanosterol and

cholesterol have broadly similar effects on phospholipid bi-

layers. However, we generally find that the quantitative

aspects of the effect of lanosterol are somewhat less marked

than those of the effect of cholesterol.

Illustrated in Fig. 10 is a comparison of the temperature-

dependent changes in the peak frequencies of the CH2

symmetric stretching bands exhibited by lanosterol- and

cholesterol-containing DPPC bilayers at sterol concentrations

near 20 and 25 mol %, respectively. These particular sterol

levels were studied because they are just above the minimal

quantities required to completely abolish the sharp compo-

nent of the DSC thermograms (Fig. 2). The CH2 symmetric

stretching band maxima exhibited by the cholesterol- and

lanosterol-containing preparations shift upward as the temper-

ature increases, indicating that hydrocarbon chain-melting

processes are involved in the structural changes occurring in

these lipid-sterol mixtures. However, the data also highlight

a number of significant differences between the two lipid-

sterol systems. Specifically, as observed in our DSC mea-

surements, the thermally induced increases in band frequency

exhibited by the DPPC-lanosterol mixture occur over a

broader temperature range (;15–55�C) than observed with

the DPPC-cholesterol mixture (;26–52�C). Moreover, the

first derivatives of the temperature dependences of the

changes in CH2 symmetric stretching band frequency (Fig.

10, inset) suggest that the temperature-dependent changes

exhibited by the lanosterol-containing sample consist of two

overlapping processes centered near 31�C and 47�C, whereas

that exhibited by the DPPC-cholesterol mixture consists of a

single process centered near 42�C. These observations thus

provide spectroscopic evidence in support of the calorimet-

rically detected differences in the thermotropic phase be-

havior exhibited by the cholesterol- and lanosterol-rich

DPPC bilayers and, in particular, for the possibility that the

lanosterol-rich DPPC bilayers exhibit at least two broad

thermotropic processes.

We now return to the issue of the series of sharp, weakly

energetic endotherms in the DSC heating thermograms of the

lanosterol-rich DPPC samples. In particular, as illustrated in

Fig. 2 B, a number of such endotherms are observed in the

lanosterol/DPPC containing 30 mol % or more sterol. These

endotherms are centered near 22, 27, 43, and 50�C and gen-

erally increase in size as the lanosterol content of the sample

increases. Moreover, the number and relative sizes of these

peaks varies with the thermal history of the sample and, in

particular, with the solvent from which the solid is cast,

suggesting that lanosterol can crystallize into many polymor-

phic forms according to the prevailing conditions. However,

of particular significance here is the fact that the midpoints

of several of these peaks correspond fairly closely to those of

endotherms observed upon heating aqueous dispersions of

lanosterol alone (Fig. 11). This observation suggests that at

least some of these sharp peaks may arise from lanosterol

crystallites that may have formed in the lanosterol-rich

FIGURE 11 Representative DSC thermograms observed upon heating

aqueous dispersions of crystalline lanosterol. The thermograms shown were

obtained by heating samples containing 2–3 mg of lanosterol in a Calo-

rimetry Sciences Multi-Cell instrument at scan rates near 56�C/h. The

thermograms shown exemplify the type of behavior observed upon initial

heating (A) and subsequent heating (B).
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samples at the lower range of temperatures explored in these

experiments. We also note that aqueous dispersions of cho-

lesterol are known to exhibit sharp, weakly energetic endo-

thermic transitions at temperatures near 37 and 77�C, due to

transitions between its anhydrous and hydrated crystalline

forms. However, similar peaks are absent from all of the

cholesterol/DPPC mixtures examined, indicating that cho-

lesterol is fully miscible with DPPC up to concentrations of

at least 50 mol %, in marked contrast to lanosterol.

DISCUSSION

Although the thermotropic phase behavior of cholesterol/

DPPC mixtures has been studied previously by ourselves

(11,52) and others (63–65) using various high-sensitivity

DSC instruments, we elected to repeat these measurements

here on the higher sensitivity calorimeter now available to us

to insure that a valid direct comparison between the effects of

cholesterol and lanosterol was possible. Indeed, although the

measurements of the effects of cholesterol on the main phase

transition did not differ qualitatively or quantitatively from

our previous studies, this study does establish that the pre-

transition is actually not completely abolished until the cho-

lesterol content exceeds 10 mol %, whereas previous studies

reported that the pretransition could not be detected once

cholesterol levels exceed 5–6 mol % (but, see Koynova et al.

(66)). We ascribe this difference in findings to the higher

sensitivity of the DSC instrument utilized here, as well as to

an improved instrumental operating protocol, as described

earlier. We note in this regard that a previous x-ray diffrac-

tion study of cholesterol/DPPC mixtures also found that the

pretransition was abolished at 10 mol % cholesterol, when

both the Lb9 and Pb9 phases with their tilted hydrocarbon

chains, which exist in the absence of cholesterol, are com-

pletely replaced by a slightly disordered Lb-like gel phase

with nontilted hydrocarbon chains (67).

The effects of cholesterol and lanosterol on the thermo-

tropic phase behavior of DPPC bilayers differ quantitatively

at lower sterol concentrations, and both qualitatively and

quantitatively at higher sterol concentrations, despite their

rather similar chemical structures. In particular, lanosterol

reduces both the enthalpy and the cooperativity of the

pretransition of DPPC with increasing sterol concentration

more markedly than does cholesterol. As a result, the DPPC

pretransition is abolished entirely at a lanosterol concentra-

tion of only 6–7 mol % sterol, whereas the pretransition

persists until 10 mol % sterol in cholesterol/DPPC mixtures.

This finding is not unexpected, since the incorporation of

low levels of cholesterol abolishes the hydrocarbon chain tilt

required to provide a match between the smaller cross-

sectional areas of the hydrocarbon chains relative to the

larger cross-sectional area of the DPPC polar headgroup in

the gel state, as the cholesterol molecule itself has a very

small polar headgroup. Thus, the larger cross-sectional area

of the steroid ring system of the lanosterol molecule will

make it a more effective spacer of DPPC molecules in the

gel-state bilayer, thus relieving the mismatch in the cross-

sectional areas of the hydrocarbon chains and DPPC polar

headgroups at a lower sterol concentration than does cho-

lesterol. Moreover, the rougher faces of the lanosterol molecule

would be expected to produce a greater amount of orienta-

tional disorder in the adjacent phospholipid hydrocarbon

chains, thus further augmenting the expansion of the DPPC

gel-state bilayer and the accommodation of the relatively

large polar headgroups of these phospholipid molecules.

Lanosterol also has a similar effect on the sharp component

of the DSC endotherm, reducing the temperature, enthalpy,

and cooperativity of this component more rapidly than does

cholesterol. Thus, the sharp component of the DSC endo-

therm is abolished at a lanosterol concentration in the DPPC

bilayer only ;15 mol % sterol, whereas the sharp component

of the DSC endotherms persists to ;22–25 mol % in cho-

lesterol/DPPC binary mixtures. Since several of the sharp

components of the DSC endotherm probably arise from the

fairly cooperative hydrocarbon chain melting of domains

highly enriched in DPPC and depleted of sterol (11,52), this

result could be explained by a greater perturbation by

lanosterol relative to cholesterol of the gel-state organization

of these DPPC-enriched domains, by a decrease in the size of

these domains, or by a combination of both factors. Again,

these effects could be explained by the greater size and

rougher surfaces of the lanosterol molecule as described

above for the differential effects of lanosterol and cholesterol

on the pretransition. In this regard, it is interesting to note that

the concentration of lanosterol required to abolish both the

pretransition and the sharp component of the main phase

transition is ;2=3 of the concentration of cholesterol required

to produce these effects.

The effects of the incorporation of lanosterol and choles-

terol on the broad component of the DSC heating runs,

which probably arise from the less cooperative chain melting

of domains of DPPC enriched in sterol, are also somewhat

different, particularly at higher sterol concentrations. In the

cholesterol/DPPC mixtures, the temperature of the broad

component monotonically increases with increasing sterol con-

centration, whereas the enthalpy and cooperativity decrease,

such that no cooperative phase transition can be detected at

50 mol % sterol. Although a similar qualitative effect is noted

with lanosterol at lower sterol concentrations, there appear to

be two overlapping broad components in the DSC endo-

therms between sterol concentrations of 3 and 10 mol %,

with one component being shifted upward and the second

component being shifted downward with increasing lanos-

terol levels. Moreover, the single broad component that per-

sists at higher lanosterol concentrations either appears to shift

downward in temperature at sterol concentrations above 20–

25 mol %, or disappears and is replaced by a different, broad

multicomponent endotherm centered at considerably lower

temperatures. Although we have not determined the exact struc-

tures of the phases formed at moderate to high lanosterol
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concentrations, we can say from our FTIR spectroscopic

results that the low temperature endotherms observed at

lanosterol concentrations of 30 mol % and higher are due to a

melting of the DPPC hydrocarbon chains. Moreover, DSC

scans run at a higher instrumental sensitivity reveal a series

of sharp but poorly energetic endotherms superimposed on

one or more broad but more strongly energetic endotherms in

the temperature range between 10�C and 40�C. Since sev-

eral of the sharp peaks observed correspond to peaks ob-

served when lanosterol itself is dispersed in water, we

suspect that these sharp peaks arise from lanosterol crystal-

lites which have formed in the DPPC bilayer after exposure

to low temperature. This observation, together with the fact

that a weak, broad chain-melting endotherm can be observed

at 50 mol % lanosterol but not at 50 mol % cholesterol, sug-

gests that in contrast to cholesterol, lanosterol is not fully mis-

cible with gel-state DPPC bilayers at sterol concentrations of

30 mol % and higher, and thus that a DPPC chain-melting

phase transition can persist at higher sterol concentrations.

In this regard we note that Urbina et al. (35) reported

NMR evidence for the existence of two separate phases in

lanosterol-containing DMPC or DOPC bilayers at sterol

concentrations in excess of 30 mol %, whereas only a single

phase appeared to exist in the corresponding cholesterol-

containing vesicles.

It is of interest to compare our DSC results on binary mix-

tures of cholesterol and lanosterol with DPPC with previous

results of binary mixtures of these two sterols with PPePC,

which contains a petroselinoyl rather than a palmitoyl chain

at position 2 of the glycerol backbone, the former being an

18C unsaturated fatty acid with a single cis double bond at

positions 6–7 of the hydrocarbon chain (38). This compar-

ison is limited to the main phase transition, as PPePC does

not exhibit a pretransition in the temperature range examined

(5–35�C). Also, although these workers acknowledged that

their DSC endotherms at sterol concentrations of 3–12 mol

% lanosterol or 3–20 mol % cholesterol were multicompo-

nent, no attempt was made to deconvolve these endotherms

into a sharp and broad component, as in this study.

Miao et al. (38) also reported that lanosterol was more ef-

fective than cholesterol in reducing the temperature, en-

thalpy, and cooperativity of the overall main phase transition

temperature of PPePC, such that a cooperative chain-melting

phase transition was completely abolished at lanosterol and

cholesterol concentrations above 12 and 20 mol %, respec-

tively. We see qualitatively similar differences in the com-

parative effects of lanosterol and cholesterol on the sharp

components of our sterol/DPPC mixtures, particularly at

sterol concentrations above 5 mol %. However, in our exper-

iments the sharp component of the DSC endotherm persists

until lanosterol and cholesterol concentrations of ;15 and

;22 mol %, respectively, are reached, a difference which we

ascribe to the higher sensitivity of our DSC instrument and

our optimized experimental protocol. Moreover, Miao and

co-workers were unable to detect the broad, lower enthalpy

phase transitions that likely exist in the binary mixtures of

both sterols with PPePC at higher sterol concentrations,

because their experimental protocol would not have permit-

ted these endotherms to be differentiated from the instru-

mental baseline, as has unfortunately also been the case in

other studies of cholesterol/phospholipid systems (for a dis-

cussion of this problem, see McMullen et al. (52)). This being

the case, the lanosterol-PPePC phase diagram constructed by

Miao et al. (38) is unlikely to be correct. Therefore, the overall

results of these two studies can be considered to be quali-

tatively similar at lower sterol levels but to diverge signif-

icantly at higher sterol levels. Since the effect of cholesterol

and its analogs on the thermotropic phase behavior of DPPC

(52,68) and SOPC (69) bilayers is qualitatively and quan-

titatively very similar, it is unlikely that the apparent dif-

ferences in the observed effects of lanosterol and cholesterol

on the thermotropic phase behavior of DPPC and PPePC are

due simply to the presence of a cis-monounsaturated fatty

acid at position 2 of the glycerol backbone in the PC

molecule.

Mouritsen and Zuckerman (58) have recently proposed

that, in contrast to cholesterol, lanosterol is not able to form a

Lo phase in phospholipid bilayer membranes. This proposal

seems very unlikely in view of the DSC and FTIR evidence

presented here, which indicates that lanosterol and choles-

terol produce qualitatively similar changes in the DPPC bi-

layers, at least at lower sterol concentrations. Moreover,

much of the prior literature summarized in the Introduction

also does not support this proposal. In fact, lanosterol has

been reported to be as effective as cholesterol in increasing

the thickness of liquid-crystalline DMPC bilayers (44) and in

increasing molecular order and decreasing rates of motion in

fluid DOPC bilayers (42). Thus, although lanosterol is gen-

erally considered to be somewhat less effective than choles-

terol in increasing the order and decreasing the viscosity of

phospholipid bilayers, lanosterol nevertheless has a major

cholesterol-like effect on these model membranes. More-

over, lanosterol and cholesterol have similar qualitative ef-

fects on the permeability and mechanical properties of the

host phospholipid bilayer, although the effects of lanosterol

are somewhat weaker. In addition, lanosterol is capable of ful-

filling the bulk sterol growth requirements of M. capricolum
and yeast, providing that very small quantities of cholesterol

are also present to meet the more structurally specific sterol

metabolic and regulatory requirements of these organisms

(32). Therefore, although lanosterol does seem to produce a

less ordered Lo state when incorporated into phospholipid

bilayer membranes than does cholesterol, there seems little

reason to conclude that a Lo state does not form.

It could be argued that the results of studies of the relative

abilities of lanosterol and cholesterol to increase the forma-

tion of the Lo state in ternary lipid mixtures containing sat-

urated and unsaturated phospholipid and sterols supports the

proposal of Mouritsen and Zuckerman (58), since lanosterol

seems considerably less effective in this regard than does
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cholesterol. However, in these studies, a DPPC-rich, DOPC-

depleted ordered state forms even in the absence of sterol, so

what was being measured was the relative ability of various

sterols to facilitate the formation of additional and/or larger

ordered domains. Since cholesterol has a higher affinity for

saturated as opposed to unsaturated PCs, one might expect

that the affinity of lanosterol for saturated phospholipids

would be more markedly reduced compared to cholesterol.

This is because the additional methyl groups projecting from

both the b- and a-faces of the lanosterol molecule would

decrease the strength of the van der Waal’s interactions

between the saturated hydrocarbon chain of the DPPC mole-

cule to a much greater extent than for the unsaturated chains

of the DOPC molecule. In addition, the potentially reduced

hydrogen bonding ability of lanosterol, due to the partial oc-

clusion of the C3 hydroxyl by the adjacent methyl groups,

would also decrease its relative affinity for SpM over PCs,

since the sphingosine backbone contains additional sites for

hydrogen-bonding interactions with sterols not available with

glycerophospholipids. Thus, the markedly decreased ability

of lanosterol to facilitate Lo phase formation in lipid-raft-

mimetic ternary systems may be due primarily to its relatively

much lower affinity for saturated relative to unsaturated

phospholipids, and not to its ability to induce the formation

of a Lo phase in saturated and unsaturated mixed-chain phos-

pholipids per se.

In summary, our present results and those in the previous

literature generally support the Bloch hypothesis that the

removal of the three additional methyl groups of the lanosterol

molecule does increase its ability to exert its characteristic

cholesterol-like effects on the host phospholipid bilayer. How-

ever, neither our results nor those of others support the idea

that lanosterol does not produce any cholesterol-like effects

on phospholipid bilayers generally, nor, in particular, the sug-

gestion that it is incapable of producing a Lo state in such

systems. In addition, the results presented here also suggest

that a major positive effect of the metabolic conversion of

lanosterol to cholesterol and closely related sterols is to in-

crease the miscibility of these compounds with phospholipid

bilayer membranes generally, thereby avoiding the possible

detrimental effect of sterol lateral phase separation at the high

sterol concentrations found in manyeukaryoticcellmembranes.
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