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ABSTRACT Binary mixtures of cholesterol, ergosterol, and lanosterol with phosphatidylcholines differing in the length of the
saturated acyl chains, viz 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1-palmitoyl-2-myristoyl-sn-glycero-3-phos-
phocholine (DMPC), were analyzed using a Langmuir balance for recording force-area (p-A) and surface potential-area (c-A)
isotherms. A progressive disappearance of the liquid expanded–liquid condensed transition was observed in mixed monolayers
with DPPC after the increase in the content of all three sterols. For fluid DMPC matrix, no modulation of the monolayer phase
behavior due to the sterols was evident with the exception of lanosterol, for which a pronounced discontinuity between mole
fractions of X ¼ 0.3 and X ¼ 0.75 was discernible in the compression isotherms. Condensing and expanding effects in force-
area (p- �A) isotherms due to varying Xsterols and differences in the monolayer physical state were assessed from the values for
the interfacial compression moduli. Surface potential measurements support the notion that cholesterol and ergosterol, but not
lanosterol, reduce the penetration of water into the lipid monolayers. Examination of the excess free energy of mixing revealed an
enhanced stability of binary monolayers containing cholesterol compared to those with ergosterol or lanosterol; the differences
are emphasized in the range of surface pressure values found in natural membranes.

INTRODUCTION

Sterols are complex molecules representing the products of a

long biochemical evolution (1–3) and are abundant constit-

uents of membranes of plant and animal cells (4–7). In con-

trast to the high diversity in the phospholipid composition of

the different cellular membranes in the different species,

there is significantly less variation in sterol structures. Cho-

lesterol is abundant in the membranes of higher eukaryotes

and is essential for their integrity, organization, and function.

Ergosterol is found in lower eukaryotes: some protozoa, yeast,

fungi, and insects such as Drosophila (3,7,8). Lanosterol is

a constituent of prokaryotic cell membranes, and it is the

common biosynthetic precursor in both cholesterol and er-

gosterol pathways (7–11). It emerged for the first time in an

aerobic environment and has been suggested to represent a

‘‘living molecular fossil’’, which is considered to be the

evolutionary precursor of sterols (1,8,10,12–15).

Sterols influence the conformational order of the lipid acyl

chains (4,9,10,16) and membrane permeability (10). Further,

sterols regulate the membrane lateral organization (9,17) and

the membrane hydrophobic thickness that is responsible in

part for the regulation of lipid-protein interactions (9,18,19).

Sterols, in particular cholesterol, have cohesive interactions

with saturated lipids (4,20,21) and, in general, the degree of

lipid unsaturation influences sterol-lipid packing and con-

sequently membrane properties (2,9,11,20,21). Cholesterol,

lanosterol, and ergosterol (Fig. 1) have similar dimensions,

including the length of the rigid ring and the total length of

the molecule (9), and they share common features including a

planar cyclopentane-phenantrene ring, a 3b-OH group, and a

hydrophobic side chain linked to C17 (2). Yet, there are also

distinct structural differences that are the basis for their dif-

ferent behaviors with respect to interactions with other lipids

and modulation of membrane properties (2,4,11,13,17).

Cholesterol has two b-oriented methyl groups at C10 and

C13 and a branched hydrocarbon tail at C17. Cholesterol

orients itself with its 3b-OH group in proximity to the

phospholipid ester carbonyl oxygen, within the hydrophobic-

hydrophilic interface, and aligns its long molecular axis

parallel with the acyl chains of membrane phospholipids.

Thus, the interaction between the rigid and smooth hydro-

phobic part of cholesterol, as well as its side chain and other

lipid species, is due to van der Waals forces and is inherent to

the cholesterol structure itself. Ergosterol differs from cho-

lesterol in having two additional double bonds, one in the

rigid ring at position C7 and the other in its tail at C22, and an

additional methyl group on the side chain at C24. The pres-

ence of the double bond in the ring has been suggested to

increase its interactions with phospholipid acyl chains due to

enhanced van der Waals forces, increasing the planarity of

the ring (4). Lanosterol has three additional methyl groups

compared to cholesterol, two of which are attached to C4 (a- and
b-faces) and the third attached to C14 (a-face), thus making

the a-face asymmetric. Moreover, lanosterol contains two

double bonds, one at position C8 and the second at position

C24. Because of the three additional methyl groups, lanos-

terol is bulkier than cholesterol, and its structure does not

facilitate strong interactions with lipids. Also in the case of

lanosterol, as well as for ergosterol, the amphiphilic nature of

these molecules orients them with their hydrophobic part
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between the lipid acyl chains and with the hydroxyl group

close to the phospholipid ester carbonyl oxygen.

As mentioned above, cholesterol, ergosterol, and lanosterol

represent the most important and common sterols in different

kingdoms. To further elucidate how these three sterols mod-

ify the biophysical properties of biologic membranes, we

used a Langmuir balance to analyze their effects on DPPC

and DMPC monolayers. The former lipid exhibits the thor-

oughly characterized phase transition from the liquid con-

densed (LC) to liquid expanded (LE) state, whereas for the

latter the LE state prevails throughout the whole range of

surface pressures reached during compression. Notably, un-

saturated phospholipids were not used because the presence

of double bond(s) influences the sterol-lipid packing and

consequently membrane properties (2,9,11,20). Accordingly,

this approach allowed us to focus solely on the influence of

phase behavior on the interactions between the sterols and

phospholipids, investigated by recording force-area (p-A)
isotherms and calculating from these data the interfacial

elastic moduli of area compressibility (C�1
s ), providing an

indicator for changes in the structure of the film (22). Infor-

mation on the electric properties of the film was obtained

from the measurement of surface dipole potential c (23). The

thermodynamic stability of mixed monolayers was investi-

gated analyzing the excess free energy of mixing (DGexc
mix).

MATERIALS AND METHODS

Materials

1-Palmitoyl-2-myristoyl-sn-glycero-3-phosphocholine (DMPC), b-choles-

terol, lanosterol and NaCl were purchased from Sigma (St. Louis, MO), 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) from Avanti Polar Lipids

(Alabaster, AL), and ergosterol from Fluka (Neu-Ulm, Germany). The purity

of the above lipids was verified by thin layer chromatography on silicic acid-

coated plates (Merck, Darmstadt, Germany), using chloroform/methanol/

water/ammonia (65:20:2:2, v/v) as the eluent. No impurities were detected

upon examination of the plates after iodine staining. Concentrations of

DPPC, DMPC, b-cholesterol, lanosterol, and ergosterol were determined

gravimetrically using a high-precision electrobalance (Cahn Instruments,

Cerritos, CA). Stock solutions of the lipids were prepared in chloroform and

stored at�20�C. Freshly deionized filteredwater (Milli RO/Milli Q;Millipore,

Jaffrey, NH) was used in all experiments.

Monolayer measurements

A computer-controlled Langmuir type film balance (mTrough XL; Kibron,

Helsinki, Finland) equipped with a Precision Plus trough (Kibron) was used

to simultaneously measure p-A and surface potential-area (Dc-A) isotherms,

using the embedded features of the control software (FilmWare 3.57;

Kibron). The indicated lipid mixtures were made in chloroform and were

spread in this solvent onto the air-aqueous phase (15 mM NaCl) interface

with a microsyringe (Hamilton, Reno, NV). This subphase was used because

the presence of salt decreases noise in the surface potential measurements.

The total surface area of the trough was 120 cm2, and the volume of the

subphase was 40 ml. After 5 min equilibration (to ensure evaporation of the

solvent), film compression was started using two symmetrically moving

barriers. In all measurements, the compression rate was 4 Å2/chain/min to

allow for the reorientation and relaxation of the lipids in the course of the

compression. Surface pressure (p) was monitored with a metal alloy probe

hanging from a high precision microbalance (KBN 315; Kibron) connected

to a computer and is defined as follows:

p ¼ go � g; (1)

where go is the surface tension of the air/buffer interface and g is the value for

surface tension in the presence of a lipid monolayer compressed to varying

packing densities. Monolayer dipole potential c (23) was measured using the

vibrating plate method (mSpot; Kibron). All isotherms were recorded at

ambient temperature (;23�C) and were repeated at least twice to ensure

reproducibility. Importantly, oxidation of cholesterol included in DMPC

monolayers has been shown to an observable extent only after;30–40min of

air exposure (24), whereas our experiments generally last ;20 min. More-

over, it has been demonstrated that cholesterol oxidation is not responsible for

the observed transformation of nanodomains to microdomains after exposi-

tion ofmonolayers to air (25). Hence, although lack of sterol oxidation cannot

be excluded, its effects should not contribute to our results.

Analysis of isotherms

Phase transitions were identified using derivatives of surface pressure with

respect to area (26). The value for monolayer isothermal compressibilities

(CS) for the indicated film compositions at the given surface pressure (p) was

obtained from p-A data as follows:

FIGURE 1 Chemical structures of the three sterols used. (Top to bottom)

b-cholesterol, ergosterol, and lanosterol.
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CS ¼ ð�1=ApÞ3 ðdA=dpÞT; (2)

where Ap is the area per molecule at the indicated surface pressure p. To

identify the phase transition points, we further analyzed our data in terms of

the reciprocal isothermal compressibility (C�1
s ), as discussed previously (27).

Accordingly, the higher the value is for the compressibility modulusC�1
S ; the

lower the interfacial elasticity will be.

The collected Dc-A data were analyzed in terms of m?—the component

of the monolayer dipole moment vector perpendicular to the monolayer

plane. The values for m? were obtained essentially as described by Brock-

man (23). In brief, Dc was plotted against 1/Am and subsequently the curves

were fitted by the equation as follows:

Dc ¼ Dc0 1 37:70m? 3 1=Am (3)

to yield an estimate of molecular dipole moment m?. DGexc
mix; the excess free

energy of mixing, was calculated as the compression work difference between

ideal and real monolayer mixtures from the experimental p-A isotherms

using the equation as follows:

DGexc

mix ¼
Z p

0

A� X1A1 � X2A2dp; (4)

where A is the measured area/molecule value for binary monolayer and Xn

and An represent the mole fraction and area/molecule value of the nth

monolayer component at given p, respectively (28,29).

RESULTS

p-A isotherms for sterols in mixed monolayers
with DPPC and DMPC

We first recorded compression isotherms for pure sterols

(Fig. 2). Compared to cholesterol, in which the isotherm

starts to raise sharply around 37 Å2/molecule, higher lift-off

values were evident for ergosterol and lanosterol (;45 Å2/

molecule and ;50 Å2/molecule, respectively). This obser-

vation likely reflects the bulkier structures of the latter two

sterols arising from the additional methyl groups and side-

chain double bonds, manifesting as reduced packing effec-

tiveness, increased tilt of the molecules with respect to the

monolayer plane, and augmented penetration of water into

the monolayer. In addition, the presence of the double bond

reduces the hydrophobicity of the branched hydrocarbon tail

of ergosterol and lanosterol, which could cause these sterols

to have their long axis parallel to the interface. Deviating

from both cholesterol and ergosterol at;31–32 mN/m and at

;27 Å2/molecule, the isotherm of lanosterol starts to bend.

Beyond this point, the surface pressure continues to increase

without a discernible film collapse in the p-A data. DPPC

formed stable monolayers, and its compression isotherm re-

vealed a clear LE to LC (LE/LC) main phase transition, as

reported previously (30).

We subsequently recorded p-A isotherms of DPPC with

cholesterol, ergosterol, and lanosterol (Fig. 2). Analysis of

these data revealed several interesting features. First, in-

creasing Xsterol results in the progressive disappearance of the

LE-LC coexistence region. More specifically, films with

Xsterol ¼ 0.1 still preserve the LE-LC transition, although it is

narrow and appears at lower area/molecule value compared

to neat DPPC, in keeping with the condensing effect of ste-

rols (31). Moreover, it appears at different values of p for the

different sterols: for cholesterol, a lower value is evident than

for pure DPPC, whereas the opposite is true for ergosterol

and lanosterol. For cholesterol and ergosterol with Xsterol $
0.3 the coexistence region is no more seen, whereas mono-

layers with similar amounts of lanosterol still preserve the

LE-LC coexistence, albeit at different values of p.
The second interesting feature of the isotherms is the dif-

ferent condensing effect of the three sterols. Upon increase of

Xsterol, the compression isotherms lift-off at smaller area/

molecule. Films with Xchol ¼ 0.1, 0.3, 0.5, and 0.75 lift-off at

;18-20, ;40, ;57, and ;61 Å2 smaller area/molecule, re-

spectively, compared to pure DPPC. For ergosterol, this

difference is ;15 Å2 at Xergo ¼ 0.1 and ;25 Å2 at Xergo ¼
0.3; for lanosterol, it is;5 Å2 at Xlano ¼ 0.1 and;20 Å2 for

Xlano¼ 0.3. For both ergosterol and lanosterol at Xsterol¼ 0.5,

the difference is ;40 Å2 and ;50 Å2 for Xsterol ¼ 0.75. To

further investigate the condensing and expanding effects due

to the sterols, we analyzed the isobars of mean molecular area
�A vs. Xsterol at surface pressures of 5, 10, 20, 30, and 40mN/m

(Fig. 3, A–C). In the LE state at 5 mN/m, all three sterols

induce a film condensation, which is most pronounced for

cholesterol. For the whole range of analyzed pressures and

for all compositions, cholesterol produces a clear condensa-

tion (Fig. 3 A), whereas ergosterol induces a slight conden-
sation from pressure of 20 up to 40 mN/m below Xergo ¼
0.75, where the miscibility is close to ideal. An interesting

feature is evident for ergosterol at the p ¼ 10 mN/m where

Xergo ¼ 0.1 and 0.3 both produce a slight expansion of the

film (Fig. 3 B). This behavior is also seen for lanosterol with a
more pronounced expansion of the film at Xlano ¼ 0.75, es-

pecially at surface pressures between 30 and 40 mN/m, and at

Xlano ¼ 0.5 at high surface pressures (40 mN/m) (Fig. 3 C).
We then studied binary mixtures of the sterols and DMPC.

The compression isotherms for this phospholipid in binary

mixtures with cholesterol and ergosterol reveal an LE state at

all surface pressures below the monolayer collapse. Notably,

and contrary to all the other films (including that of Xlano ¼
0.1) in which there are no indications of discontinuities, a

shoulder appears at p below 10 mN/m in the isotherm for

Xlano ¼ 0.3. This shoulder shifts to higher pressures for films

with Xlano ¼ 0.5 and 0.75.

For the whole range of analyzed pressures and all mole

fractions, the �A vs. Xsterol data at 5, 10, 20, 30, and 40 mN/m

show the condensing effect of cholesterol in DMPC mono-

layers, with the sole exception ofXchol¼ 0.75 atp¼ 40mN/m

where a slight expansion is seen (Fig. 3 D). A condensing ef-

fect is seen also for ergosterol and lanosterol even though it is

less pronounced compared to cholesterol (Fig. 3 E). In addi-

tion, lanosterol causes a clear expansion at 40 mN/m for films

with Xlano ¼ 0.5 and 0.75 (Fig. 3 F).
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Interfacial elastic moduli of area compressibility

The compressibility modulus C�1
s ; reflecting variations in the

physical state of the films, was calculated as a function of p
and Xsterol from the p-A compression isotherms. The analysis

of pure sterols reveals that cholesterol displays the highest

value of C�1
s followed by ergosterol and lanosterol. For the

latter, it is of interest that starting from p � 17 mN/m, the

values of C�1
s decrease with increasing pressure.

FIGURE 2 Representative compression isotherms for cholesterol (A and D), ergosterol (B and E), and lanosterol (C and F) in mixed monolayers with DPPC

(left) and DMPC (right), the mole fraction of the sterols (Xsterols) increasing from right to left as 0.0 (h), 0.1 (n), 0.3 (d), 0.5 (:), 0.75 (;), and 1.0 (s). The

given lipid mixtures were spread onto 15 mM NaCl at ambient temperature (;24�C). After 4 min of equilibration, the films were compressed at a rate of 4 Å2/

molecule/min. Standard deviations would be contained within the symbols and were omitted for clarity.
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TheC�1
s vs.p data (Fig. 4, A–C) for pure DPPC and mixed

monolayers with Xsterol ¼ 0.1 are similar, and the maximum

value of C�1
s reached in all cases is;200 mN/m. The LE-LC

transition is clearly visible in the above curves at a pressure

between 5 and 10 mN/m. There are distinct differences in the

impact of the three sterols. The transitions for pure DPPC and

Xchol ¼ 0.1 overlap, whereas the transition is shifted for

lanosterol and ergosterol at Xsterol¼ 0.1 to higher pressures in

the sequence ergosterol. lanosterol. cholesterol. At Xsterol¼
0.3 the LE-LC coexistence prevails for lanosterol at higher

pressure (;12mN/m), whereas it is not longer discernible for

cholesterol and ergosterol. Yet, an inflection in these curves

FIGURE 3 Variations in mean molecular areas �A vs. Xsterol for cholesterol (A and D), ergosterol (B and E), and lanosterol (C and F), respectively, as binary

mixtures with DPPC (left) and DMPC (right) at 5 (n), 10 (d), 20 (:), 30 (;), and 40 (¤) mN/m are shown. The data were taken from the graphs in Fig. 2. The

dotted lines represent the ideal miscibility behavior of the monolayer components.
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between 10 and 20 mN/m can be seen. Whereas the values of

C�1
s for cholesterol and lanosterol increased proportionally to

the increase of Xsterol, (with the exception for Xchol ¼ 0.1 and

pure lanosterol), a maximum is reached at Xergo ¼ 0.3 for

ergosterol, with the C�1
s values subsequently decreasing with

increasing Xsterol.

The similarity ofC�1
s vs.p data for pure DMPC and mixed

monolayers with Xsterol ¼ 0.1 is even clearer than for DPPC.

In this case, the curves are nearly identical, and the highest

value of C�1
s reached is ;100 mN/m. As expected, no dis-

continuities are detected. The data at Xsterol ¼ 0.3 are similar

for lanosterol and cholesterol, whereas the values for ergosterol

FIGURE 4 Values for p vs. C�1
s calculated from the data in Fig. 2, for cholesterol (A and D), ergosterol (B and E), and lanosterol (C and F) in mixed

monolayers with DPPC (left) and DMPC (right), with increasing Xsterol as 0.0 (h ), 0.1 (n), 0.3 (d), 0.5 (:), 0.75 (;), and 1.0 (s).
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are close to those of pure DMPC. For lanosterol at Xlano from

0.3 to 0.75, a pronounced transition at surface pressures be-

tween 5 and 12 mN/m is evident. For all three sterols, the

values ofC�1
s increased proportionally to the increase ofXsterol,

with the exception for pure ergosterol and pure lanosterol.

C�1
s vs. Xsterol data at surface pressures ranging from 5 to

40 mN/m were plotted to better demonstrate the changes in

film compressibility modulus with varying Xsterol (Fig. 5).

At pressures of 5 mN/m and 10 mN/m, the impacts of all

three sterols mixed with DPPC or DMPC are similar. In

contrast, in the pressure range of 20 to 40 mN/m, the

compressibility of binary monolayers of sterols and DPPC

exceeds that of films with DMPC for a sterol mole fraction

of X ¼ 0.3.

FIGURE 5 C�1
s vs. Xsterol data at 5 (n), 10 (d), 20 (:), 30 (;), and 40 (¤) mN/m, are shown for cholesterol (A and D), ergosterol (B and E), and lanosterol

(C and F) in DPPC (left) and DMPC (right) mixed monolayers. The data were taken from the graphs illustrated in Fig. 2.
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Dc-A isotherms

As for the p-A isotherm, pure DPPC reveals the typical

LE-LC coexistence region with well-defined limits. Increasing

Xsterol in DPPC decreases the range of millivolts for each

surface potential isotherm (Fig. 6, A–C). For films containing

cholesterol and ergosterol with Xsterol ¼ 0.1, the main tran-

sition occurs at higher values of surface potential compared

to pure DPPC, and there is significant overlap between the

isotherms in the case of cholesterol. For binary mixtures with

Xlano ¼ 0.1, however, the whole isotherm is shifted to lower

potentials. Films with Xsterol from 0.3 to 0.75 do not display

the coexistence region. As a general trend, a decrease in

FIGURE 6 Representative surface potential Dc vs. �A for cholesterol, ergosterol, and lanosterol in DPPC (A, B, and C, respectively), and in DMPC (s D, E,

and F, respectively) monolayers. Xsterol increases as 0.0 (h ), 0.1 (n), 0.3 (d), 0.5 (:), 0.75 (;), and 1.0 (s).
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surface potential is seen with increasing Xsterol. For Xlano ¼
0.5, however, the isotherm is shifted toward higher potentials

compared to Xlano ¼ 0.3; hence, it does not follow the be-

havior described above.

The surface potential isotherms of pure DMPC and with

Xsterol ¼ 0.1 (Fig. 6, D–F) are linear and nearly identical. At

Xsterol ¼ 0.3, cholesterol reveals higher surface potential than

the isotherms for Xsterol¼ 0.1 and pure DMPC; for lanosterol,

however, the potential is lower for higher mole fractions. As

for DPPC, in binary mixtures with DMPC, the surface po-

tential isotherm with Xlano¼ 0.5 is shifted to higher potentials

compared to Xlano¼ 0.3. Further, no pronounced transition is

evident, contrary to what is expected on the basis of the p-A
isotherm. However, the Dc-A data for Xlano ¼ 0.3 display

three different slopes, of which the middle one (at ;50–60

Å2) coincides with the shoulder evident in the p-A isotherm.

For pure lanosterol, the surface potential curve bends at an

area/molecule value of;31–32 Å2, that is, at the same point

in which the compression isotherm bends and continues to-

ward higher value of pressure following the new slope.

To better illustrate the difference between the three sterols

in the two host matrices, we plotted Dc vs. Xsterol isobars at 5,

10, 20, 30, and 40 mN/m (Fig. 7). For DMPC, all isobars for

the sterols follow the same trend with the surface potential

values with Xsterol ¼ 0.1 exceeding those for pure DMPC.

Instead, for Xsterol ¼ 0.3, cholesterol has higher surface po-

tential than that of Xsterol ¼ 0.1, whereas there are only minor

differences for different contents of ergosterol. For films

containing lanosterol c reaches a minimum at Xlano ¼ 0.3.

For mixtures of the sterols and DPPC, the isobars at 5 mN/m

are always different from the trend observed for higher sur-

face pressures.

Values for the monolayer dipole moment vector perpen-

dicular to the monolayer plane (m?) were calculated by fitting
Eq. 3 to Dc vs. 1/A data and then plotted against area/mol-

ecule (Fig. 8). The data for pure phospholipids reveal two

different slopes for DMPC, whereas DPPC presents a plateau

corresponding to the LE region in the compression isotherm,

a minimum corresponding to the center of the LE-LC coex-

istence region, and a maximum corresponding to the onset of

the LC region. Moreover, it is of interest to note that the

beginning and the end of the LE-LC region are represented

by two lines with negative and positive slopes, respectively.

In mixed monolayers of DPPC with Xsterol ¼ 0.1, the trend

seen for pure DPPC is present (with a plateau, a minimum,

and a maximum); however, all three curves start to increase at

lower values of area/molecule. Starting from Xsterol ¼ 0.3,

this trend is no longer seen and only minor differences are

evident in them? vs.A data betweenmonolayers of pureDMPC

and those with Xsterol between 0.1 and 0.75. Of particular

interest are films with Xlano ranging from 0.3 to 0.75 because

these compositions present a pronounced transition in the

p-A isotherms. Accordingly, careful inspection of the m? vs.

A data reveals a slight inflection at ;55–60 Å2,;50–55 Å2,

and ;40–45 Å2 for Xlano ¼ 0.3, 0.5, and 0.75, respectively.

The excess free energy of mixing (DGexc
mix)

To investigate the thermodynamic stability of the mixed

monolayers compared to the monolayers of the pure com-

ponents, we constructed DGexc
mix vs. p curves (Fig. 9). In brief,

negative values of DGexc
mix indicate that mixing of the mono-

layer constituents is favored because of attractive intermo-

lecular interactions. In contrast, positive values of DGexc
mix

suggest thermodynamic instability of the mixed monolayers

(28,29).

Analysis of the DGexc
mix vs. p for mixed sterol/DPPC films

reveals an initial decrement in DGexc
mix for all mole fractions of

the three sterols. Subsequently, at higher surface pressures,

binary mixtures containing cholesterol continue to give

negative values of DGexc
mix. Notably, DG

exc
mix decreases in a

progressive manner in the sequence Xchol ¼ 0.3 , Xchol ¼
0.5, Xchol ¼ 0.1, Xchol ¼ 0.75. After an initial decrement,

mixed monolayers containing ergosterol at X ¼ 0.1 and 0.3

display local maxima in DGexc
mix at p � 15 mN/m. For Xergo ¼

0.5, after a sharp initial decrement, DGexc
mix continues to de-

crease linearly toward more negative values, whereas the

opposite behavior is evident for Xergo ¼ 0.75, with the free

energy becoming less negative with increasing p. Data for

Xlano ¼ 0.1 contain, after an initial decrement, a local maxi-

mum at p � 10 mN/m, whereas this maximum is shifted to

p� 15mN/m for Xlano¼ 0.3. Films with Xlano¼ 0.5 and 0.75

present negative values until the pressure of 30 and 20mN/m,

respectively. Starting from this pressure, theDGexc
mix values for

Xlano¼ 0.75 rise toward zero, and, at a pressure of;40mN/m,

they become slightly positive.

Inmixedmonolayers with DMPC, all three sterols at Xsterol¼
0.1 reveal negative values of DGexc

mix decreasing nearly

linearly with increasing surface pressure. The two curves

with the most interesting behavior are 1), Xlano¼ 0.75, which

first decreases and, starting from a pressure of ;25 mN/m,

constantly moves toward less negative values of DGexc
mix with

increasing surface pressure; and 2), Xlano ¼ 0.5, which ex-

hibits a shoulder in the pressure range of 5 to 15 mN/m.

Subsequently, the values of DGexc
mix for this composition de-

crease, reaching a minimum at ;35 mN/m. Upon further

increase in surface pressure, DGexc
mix starts to increase again.

DISCUSSION

The presence of sterols causes the phospholipid acyl chains

close to the headgroup to have predominantly a trans con-
figuration, leading to an increase in bilayer thickness (32).

Results of small-angle neutron scattering studies (9) indicate

an increase in the thickness of DMPC bilayers due to the

presence of all three sterols used in this study. These results

can be interpreted as a consequence of the ordering effect

imposed by the sterol molecules sandwiched between phos-

pholipid acyl chains. Membrane hydrophobic thickness is

known to be an important determinant of lipid bilayer and

integral protein interactions, in particular regarding the in-
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sertion, folding, assembly and function of transmembrane

proteins (9,18). As a consequence of the change in thickness,

there are also modifications in membrane permeability, the

latter being a decreasing function of the bilayer thickness

(33). It is further known that sterols (in particular, cholesterol

and ergosterol) are distributed nonrandomly in domains,

which are further implicated in cell signaling and traffic, with

their membrane content under stringent control (3,34). The

importance of sterols and, in particular, cholesterol in these

domains is demonstrated by the fact that even if the formation

of domains persist after the replacement of cholesterol with

its close precursor 7-dehydrocholesterol, a clear difference in

their protein composition is caused, thereby provoking mod-

ifications of membrane properties and cellular physiology

FIGURE 7 Isobars for Dc vs. Xsterol data for cholesterol (A and D), ergosterol (B and E), and lanosterol (C and F), respectively, in binary mixtures with

DPPC (left) and DMPC (right), at constant lateral pressure of 5 (n), 10 (d), 20 (:), 30 (;), and 40 (¤) mN/m are shown.
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(34,35). Moreover, it has been demonstrated that cholesterol

has a major impact on the lateral pressure profile of a bilayer

and may thus regulate membrane protein functions (36).

Cholesterol also confers negative spontaneous curvature to

the lipid bilayer (37–39), thus facilitating membrane fusion

(40,41). Because of the above features and because of the

presence of sterols in different kingdoms, it was of interest to

compare the surface properties of cholesterol, ergosterol, and

lanosterol despite few and small differences in their struc-

tures.

The presence of sterols in mixedmonolayers with DPPC or

DMPC imparts pronounced effects on the compression iso-

therms. As reported previously (12,42,43), increasing the

content of cholesterol in a DPPC monolayer causes a pro-

FIGURE 8 m? vs. Xsterol for cholesterol (A and D), ergosterol (B and E), and lanosterol (C and F), in binary mixtures with DPPC (left) and DMPC (right),

containing films with increasing Xsterol as 0.0 (h ), 0.1 (n), 0.3 (d), 0.5 (:), 0.75 (;), and 1.0 (s).
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gressive disappearance of the LE-LC coexistence region and

shifts the isotherms to the left (i.e., to lower values of area/

molecule), evident as the ‘‘condensing effect’’ of cholesterol

in phospholipid monolayers (29,32,34,42). In other words,

the interaction between cholesterol and phospholipids, with

hydrogen bonding and van der Waals attraction acting as

stabilizing forces, increases the structural order of the phos-

pholipid hydrocarbon acyl chains and so results in an in-

crease in the packing density of the monolayer. This

condensation also results from the partial accommodation of

cholesterol underneath the hydrated phosphocholine head-

group, referred to as the ‘‘umbrella effect’’ (44,45). This

behavior is due to the necessity for cholesterol to have a

larger hydration shell than its own to avoid (energetically

unfavorable) contacts of its hydrophobic parts with water

(46,47). In the light of this study, it is evident that not only

FIGURE 9 Variation in the excess free energy of mixing DGexcess
mix vs. ps for cholesterol (A and D), ergosterol (B and E), and lanosterol (C and F), in binary

mixtures with DPPC (left) andDMPC (right), with increasingXsterol as (n) 0.1, and (d) 0.3, (:) 0.5, and (;) 0.75. The data were taken from the graphs in Fig. 2.
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cholesterol but also lanosterol and ergosterol induce con-

densation in mixed monolayers with DPPC and DMPC.

To obtain further insight into the condensing effect seen in

compression isotherms, we proceeded to analyze the mean

molecular area �A vs. Xsterol data. Cholesterol exerts a pro-

nounced condensing effect in DPPC monolayers, in partic-

ular at low surface pressures (i.e., 5 mN/m), and this prevails

for the whole range of analyzed pressures and all mole

fractions in the mixed films. Condensation due to ergosterol

and lanosterol is most significant at low pressures, albeit less

pronounced compared to cholesterol. Data for ergosterol

reveal an expansion at p ;10 mN/m at Xergo , 0.5 and a

slight condensation for all the other pressures and monolayer

compositions. Lanosterol, however, produces a pronounced

film expansion at high surface pressures when present at high

mole fractions. The above behavior can be attributed to the

differences in the structures of the sterols. The methyl group

and the double bond present in the alkyl chain of ergosterol

could be responsible for the expansion. Yet, this could be

counterbalanced by the presence of the second double bond

in the rigid ring, because the latter can increase the confor-

mational order of the lipid acyl chains (4), leading to an en-

hanced van der Waals attraction and thus augmented lateral

packing, especially at higher surface pressures. Another

possibility to explain the expansion due to ergosterol could

be a slightly different position of the molecule itself with

respect to the DPPC bilayer (13). Instead, due to lanosterol,

the increased expansion at higher packing densities would

comply with steric crowding because of the three methyl

groups. The condensing effect vanishes in the presence of

additional methyl groups in the ring system (4), and so la-

nosterol, with its bulkier sterol body, can be expected to be

less effective than the other sterols in causing monolayer

condensation (4,13). Because it is easier to accommodate

additional chemical groups into a liquid expanded matrix at

higher surface pressures in particular, it was not surprising to

find a more pronounced condensation for DMPC and less

pronounced expansion for all three sterols in the pressure

range studied. The behavior of lanosterol at low pressures

might result from a stronger interaction between the hydro-

phobic regions of these sterols and the acyl chains of DMPC,

which are two carbons shorter than for DPPC.

For monomolecular lipid films, it is possible to analyze

with high precision the differences in physical state due to the

sterols by observing the maximum compressibility modulus

(29,31). According to Davies and Rideal (48), C�1
s values in

the range of 100 to 250 mN/m are indicative of the liquid-

condensed state, whereas values above 250 mN/m reveal the

presence of the solid state, characterized by close packing of

the hydrocarbon chains in the monolayer. Thus, from the

analysis of our data (Figs. 4 and 5, and Table 1), it appears

that films with Xsterol ¼ 0.3 in the DPPC matrix are in a solid

phase with values of C�1
S increasing in the order ergosterol,

lanosterol , cholesterol, with the value for ergosterol being

close to the LC region. Interestingly, all the other composi-

tions analyzed for ergosterol show that these films remain in

the LC phase. Also in DMPC, all compositions analyzed for

ergosterol display values in the range indicative of the LC

phase, whereas for cholesterol and lanosterol, films with

Xsterol $ 0.5 enter the solid phase upon compression.

The disappearance of the LE-LC coexistence region due to

high contents of cholesterol does not necessarily mean that

the system becomes more ‘‘solid-like’’ (10,12). Cholesterol,

because of its rigid structure, interacts with phospholipids in

two different ways: it induces chain ordering and, at the same

time, it interacts with the lateral packing order of the solid

phase (so), tending to break it. The result is the formation of a

new phase called the liquid-ordered state (lo), in which the

molecules behave as in a fluid with respect to mobility and

orientation, but they possess a high degree of orientational

order of the acyl chains similar to the condensed state (49).

The phase diagram of fully hydrated PC/cholesterol bilayers

for all temperatures shows the presence of the lo state alone
for Xchol $ 0.25–0.30, and the presence of lo 1 so for Xchol

between 0.10 and 0.30 (10,12). Mixtures of DPPC and

cholesterol present a single uniform liquid phase at temper-

atures above the DPPC chain melting temperature of 41�C
(50). Ergosterol also promotes the formation of the lo state,
albeit less effectively than cholesterol and necessitating a

higher content of this sterol compared to cholesterol (51).

Larger mole fractions of lanosterol have been found to yield

the lo state but always in association with the liquid-disordered
(ld) state. Also, in a range of Xlano ¼ 0.10–0.30, it is possible

to find coexisting so 1 ld/lo states (10,52).
The phase diagrams of the mixtures of the three sterols

with phospholipids have been constructed on the basis of data

from experiments using lamellar systems. It is important to

note that the correlation between the content of sterols that

TABLE 1 Maximum compressibility moduli (C�1
S ) and the

corresponding surface pressures (pmax) measured for the

binary phospholipid/sterol monolayers

C�1
S ðmN=mÞ pmax (mN/m) C�1

S ðmN=mÞ pmax (mN/m)

DPPC DMPC

Xsterol 0.0 223.8 47.7 107.5 34.2

Xchol 0.1 188.3 44.0 106.9 34.6

0.3 326.8 38.2 237.6 36.6

0.5 357.6 32.4 377.1 26.5

0.75 494.7 25.1 529.3 24.1

1.0 615.0 34.8 615.0 34.8

Xergo 0.1 203.4 44.4 102.8 35.5

0.3 253.6 40.8 120.1 34.5

0.5 197.8 36.4 171.9 34.0

0.75 184.5 35.4 194.7 32.4

1.0 157.0 35.2 157.0 35.2

Xlano 0.1 208.9 38.9 113.8 34.3

0.3 284.7 35.6 220.5 34.6

0.5 346.7 36.6 306.2 34.5

0.75 436.9 35.8 419.0 32.3

1.0 80.6 13.7 80.6 13.7
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can provoke a state modification in bilayers and monolayers,

respectively, has not been thoroughly established. Using

fluorescence microscopy, Stottrup and Keller (6) observed

distinct a- and b-regions (at low and high sterol content,

respectively) of liquid-liquid coexistence in binary DPPC/

sterol monolayers, possibly arising from formation of con-

densed DPPC/sterol complexes and subsequent demixing

between the complexes and the bulk monolayer (53). Eval-

uating our data in this context, there is a sudden increase in

the compressibility modulus of DPPC/cholesterol monolay-

ers going from Xchol ¼ 0.3 to 0.5 (Fig. 5 A), that is, entering
the b-region. However, a similar increase is not evident for

ergosterol-containing monolayers (Fig. 5 B), also displaying

a b-region boundary between Xergo ¼ 0.3 and 0.5 (6); the

values for C�1
S remain essentially constant for all the values

of Xergo studied. The surface potential values of DPPC/cho-

lesterol monolayers recorded at different surface pressure

values converge at Xchol ¼ 0.5 (Fig. 7 A). Below this mole

fraction, the potential values at 5 mN/m are considerably

lower, possibly reflecting the presence of the a-region of

immiscibility observed for low sterol content and low pack-

ing densities (21). Somewhat analogously, albeit less pro-

nounced behavior is observed for ergosterol. The behavior of

lanosterol, which according to Stottrup and Keller (6) does

not induce liquid-liquid coexistence in mixed monolayers

with DPPC, does not differ dramatically from the two other

sterols with respect to modulation of monolayer compress-

ibility or surface potential. This further suggests that the

correlation of phase separation and these two monolayer bulk

physical properties cannot be unambiguously resolved. In

addition, Stottrup and Keller (6) failed to form stable mon-

olayers of neat lanosterol. This discrepancy might be related

to enhanced hydrophobicity due to the 15 mMNaCl included

in the subphase in our experiments, resulting in increased

stability of the monolayers.

Although a considerable fraction of the monolayer com-

ponents can be oriented parallel to the subphase surface for

high values of area/molecule, this is unlikely at higher

packing densities. Moreover, it has been shown that, in a

bilayer, lanosterol and ergosterol remain confined to their

monolayer, whereas cholesterol can move in the transverse

direction over a longer distance (1 nm) (14). In a dipo-

lyunsaturated PC bilayer, the hydroxyl end of the cholesterol

may relocate to the center of the bilayer in an upside-down

orientation, as well as perpendicularly to the bilayer normal at

the interface between the two monolayers (54). Moreover,

cholesterol and ergosterol decrease bilayer hydration because

condensation reduces water penetration into membrane

(55,56). These features can explain the reduction of the po-

tential gap and the shifting of the main phase transition to-

ward higher potential values in our data (Fig. 6), the latter

effect being more pronounced for cholesterol. For lanosterol,

there is a reduction of the potential gap and, increasing Xlano,

the curves are shifted toward lower values (Fig. 6). There is

no evidence in the compression isotherms for relocation of

lanosterol toward the headgroup region or the subphase.

Moreover Endress et al. (14) pointed out that these kind of

movements are unlikely due to the energy balance. Lanosterol

does not induce condensation as efficiently as cholesterol,

and it is less effective in reducing membrane permeability

(32). Accordingly, the decrease in c could be explained by an

increase in the number of water molecules in the membrane.

Notably, the ability to modify acyl chain order, condensation,

and permeability are inversely proportional to the tilt of

cholesterol in the membrane (57), and recent molecular dy-

namics studies suggest the tilt angle to increase upon intro-

duction of double bonds in the sterols’ tail structures, zero for

cholesterol and one for ergosterol and lanosterol, in positions

C22 and C24, respectively (58,59). A larger tilt angle can also

explain why a higher surface pressure at Xsterol ¼ 0.1 is

needed to induce the LE-LC coexistence in DPPC mono-

layers containing ergosterol or lanosterol compared to cho-

lesterol (Fig. 1, A–C).
Finally, irrespective of the host matrix (DMPC or DPPC),

the values of the excess free energy of mixing show that most

stable monolayers are those containing cholesterol (in par-

ticular DPPC with Xchol ¼ 0.3 and DMPC with Xchol ¼ 0.5),

especially at surface pressure values prevailing in natural

membranes, estimated to vary from;30 to;35 mN/m (60).

Accordingly, it is tempting to speculate that this property of

cholesterol provides the appropriate environment for more

complex membrane systems and allows for improved adjust-

ment of the membrane hydrophobic thickness required for the

proper functioning of more sophisticated protein assemblies.
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