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ABSTRACT Lanosterol is the biosynthetic precursor of cholesterol and ergosterol, sterols that predominate in the membranes
of mammals and lower eukaryotes, respectively. These three sterols are structurally quite similar, yet their relative effects on
membranes have been shown to differ. Here we study the effects of cholesterol, lanosterol, and ergosterol on 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylcholine lipid bilayers at room temperature. Micropipette aspiration is used to determine
membrane material properties (area compressibility modulus), and information about lipid chain order (first moments) is
obtained from deuterium nuclear magnetic resonance. We compare these results, along with data for membrane-bending
rigidity, to explore the relationship between membrane hydrophobic thickness and elastic properties. Together, such diverse
approaches demonstrate that membrane properties are affected to different degrees by these structurally distinct sterols, yet

nonetheless exhibit universal behavior.

INTRODUCTION

Among the vast diversity of components in biological
membranes, sterols are one of the most abundant constituents
and are found in a wide range of membranes across various
species. To name a few, cholesterol predominates in the
plasma membrane of mammalian cells, whereas ergosterol
is the major sterol in the membranes of lower eukaryotes
including some protozoa, yeast, fungi, and insects such as
Drosophila. Lanosterol is the most abundant sterol in some
prokaryotic membranes and is the biosynthetic precursor of
cholesterol and ergosterol. The overall morphology of these
three molecules is similar, but they exhibit small structural
differences (Fig. 1). Why there is such variation throughout
the evolution of sterol structure and the consequences for
biological function remains unresolved. This question has
motivated membrane researchers to explore the topic of ste-
rols in biological membranes for over 30 years. Sterols are
known to affect short- and long-range membrane order,
protein function, and cell growth (1,2). The role of sterols in
biosynthesis is well understood and the pathways of sterol syn-
thesis and membrane evolution have been correlated (3-5).
However, the advantage that particular sterols provide for
certain species is not clear. The fact that sterols are potent
modulators of membrane physical properties indicates that
these molecules may be of major significance for the func-
tion and evolution of the biological membrane (6).

Our understanding of sterol-lipid mixtures has developed
from extensive studies of cholesterol-lipid mixtures using a
variety of biophysical techniques (1,7-14). Based on exper-
imental results, a theoretical description (10,15) captured the
essence of cholesterol’s effects on membranes: cholesterol
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disrupts the lateral order of the gel phase (s,), tends to order
the liquid phase (/y), and at higher cholesterol content,
stabilizes a new phase, the liquid-ordered phase (/,). This /,
phase exhibits both rapid transverse diffusion and transla-
tional disorder of the liquid-disordered phase (/3) and
relatively ordered lipid chains characteristic of the solid-
ordered phase (s,). The overall topology of the obtained
phase diagram for binary lipid-cholesterol mixtures has been
shown to hold for a range of PC-lipids with both saturated
and monounsaturated acyl chains (10,11,16-19), including
POPC-cholesterol mixtures (19-21). Lanosterol and ergos-
terol have also been found to promote acyl-chain order at
higher concentrations (14,22). Comparative studies of these
three sterols have been conducted (13,23,24) and reveal,
despite their structural similarities, differences in the effect
of cholesterol, lanosterol, and ergosterol on membrane pro-
perties.

How sterols affect membranes has been experimentally
investigated on both mesoscopic and macroscopic scales. In
particular, deuterium nuclear magnetic resonance (*H-NMR)
is well suited for studying mesoscopic membrane properties
(~1-100 nm). Using lipids with perdeuterated acyl chains,
H-NMR can reveal details of lipid acyl conformation,
orientational order, and dynamics. Whereas H-NMR is
sensitive to changes in bilayer properties on a molecular scale,
micromechanical techniques, such as micropipette aspiration
and vesicle fluctuation analysis (VFA), provide access to
global membrane properties. Both “H-NMR and micro-
mechanical techniques have been used to investigate how
sterols induce changes in membrane properties. These
studies have demonstrated that cholesterol has a significant
ordering effect on acyl chains (6,14,21,25-27) and increases
membrane mechanical stability (13,28-33). Lanosterol
(14,23) and ergosterol (22,23) have also been determined
to order lipid acyl chains and increase membrane stability
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FIGURE 1 Structures of cholesterol, lanosterol, and ergosterol. In the
biosynthetic pathway, the methyl groups on lanosterol’s a-face are shed,
giving rise to cholesterol. Ergosterol differs structurally from cholesterol in
that it has two additional double bonds as well as a methyl group on the side
chain.

(33). Correlating the results obtained from the two tech-
niques has been pursued (13). However, a detailed under-
standing of how the fundamental interactions between sterols
and lipids give rise to global changes in membrane properties
is lacking.

Here we investigate mixtures of cholesterol, lanosterol, and
ergosterol in POPC lipid membranes at room temperature
using both micropipette aspiration and “H-NMR. Micropi-
pette aspiration experiments reveal that all three sterols
increase the area expansion modulus, K,, of POPC mem-
branes. These results are correlated to values of membrane-
bending rigidity, k, that we previously determined using VFA
(33). We show that the mechanical moduli, K, and k, correlate
with the first moments, M;, of the spectra obtained by
H-NMR. Taken together, our results demonstrate that
cholesterol, lanosterol, and ergosterol are potent membrane
rigidifiers in terms of both area compressibility and bending
moduli. The ability of these sterols to order lipid acyl chains
is demonstrated in the observed increase in the average
H-NMR order parameter (M,). For POPC membranes, this
ordering effect follows the sequence cholesterol > lanosterol
> ergosterol. Relating K, and k to M reveals that membrane
mechanical properties are modulated by bilayer hydrophobic
thickness and demonstrates how sterol-induced molecular
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order manifests on a mesoscopic scale. Ultimately, this integ-
rated approach combining diverse experimental techniques
and theory provides a deeper understanding of fundamental
sterol-lipid interactions, and also reveals universal character-
istics of membrane order and mechanics that probably extend
beyond lipid-sterol mixtures.

MATERIALS AND METHODS
Micropipette aspiration

A physical description of the mechanical deformations of a fluid lipid vesicle
is embedded in Helfrich’s curvature free energy (34),

K,
2A

where the first term represents the elastic energy associated with in-plane
dilation of the membrane area, A. The equilibrium area and area expansion
modulus are given by Ay and K,. The second term is the Helfrich bending
energy that describes out-of-plane shape changes. Here H is the mean
curvature, Cy is the spontaneous curvature (Cy = 0 for a symmetric bilayer)
(34), and « is the bending rigidity. Typical values of these material param-
eters for single-component fluid lipid membranes are K, = 0.1 — 1 Jm? =
20-200 kgT/nm? and k = 10 — 100 kgT (35).

The micropipette aspiration technique allows for determinations of both
K, and k. In such an experiment, a giant unilamellar vesicle is manipulated
by the use of a micropipette (Fig. 2 @). During the course of an aspiration
cycle, the vesicle is gradually pressurized by applying an aspiration pressure,
Ap. This leads to a progressive increase in the projection of the vesicle, L,
inside the pipette of radius R; (Fig. 2 b). The response to aspiration pressure
exhibits a nonlinear form: in the low-pressure regime, there is a logarithmic
relationship between aspiration pressure and L, whereas at higher aspira-
tion pressures, the relationship is linear (36-38). Typically, values of « are
extracted at low pressures and K, at higher pressures. In the high-pressure
regime (Ap = 10? Pa), the membrane’s microscopic area dilates in response
to the in-plane tension, and analysis of the linear Hookean elastic response
yields an estimate of K,. We previously reported k-values for sterol-lipid
membranes determined by VFA, so we focus in this study on the deter-
mination of K,,. In a recent study (37), we have demonstrated full agreement
between estimates of k obtained by the micropipette aspiration technique
and VFA. The vesicle yield is much higher with VFA than the micropipette
aspiration technique, so we will rely on the previously reported values of k
for sterol-lipid membranes determined by VFA (39) and in this study focus
on the determination of K,.

H=pea-ay+s [en-cra o

Sample preparation for micropipette aspiration

POPC and cholesterol (98% pure) were obtained from Avanti Polar Lipids
(Birmingham, AL), lanosterol (~97% pure), and solvents from Sigma-
Aldrich (Copenhagen, Denmark), and ergosterol (=97% pure) from Fluka
(Buchs, Switzerland). Purity of the sterols was verified by thin-layer
chromatography (TLC) as previously described (33). Due to inhomogeneous
mixing, methanol alone, rather than methanol/chloroform (MeOH:CHCl3),
was chosen as solvent for the lipid-cholesterol mixture (11). To achieve
solubility, lanosterol and ergosterol were dissolved in 1:9 MeOH:CHCl; and
1:3 MeOH:CHCl;. Solutions of ~0.1-0.3 mg(POPC)/ml containing 10, 20,
and 30 mol% sterols were prepared and 10 ul of the lipid/sterol mixture was
deposited on platinum wire electrodes. After evaporation ovemight in a
vacuum chamber, giant unilamellar vesicles were formed by electroformation
(40,41) in a 250 mOsm sucrose solution. Vesicles were resuspended in a 250
mOsm glucose solution contained in the thermostated observation chamber. A
freezing-point osmometer (Model 3D3, Advanced Instruments, Norwood,
MA) was used to regulate solution osmolarities and Milli-Q water was used
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FIGURE 2 Images showing an aspirated vesicle (diameter ~40 wm) in
the high-pressure regime: (@) the raw image and (b) the analyzed form. From
the analysis (described in (37)), the radius of the outer sphere, R, the length
of the cylinder, L, and the pipette radius R; are determined.

throughout (Millipore, Bedford, MA). Samples were prepared from a homo-
geneous mixture of lipids and sterols, and considering the rapid transbilayer
diffusion exhibited by cholesterol (42), it is reasonable to assume a homo-
geneous distribution of sterols in both monolayers.

Micropipette setup

Aspiration measurements were conducted on an inverted microscope (Zeiss
Axiovert S100, Gottingen, Germany), equipped with Hoffman modulation
optics (HMC 40 LWD 0.5 NA infinity-corrected objective, GS 40 mm w.d.
0.6 NA condenser). Images were acquired using a charge-coupled device
camera (Model SSC-DP50AP, Sony, Tokyo, Japan) connected to a PC
through a framegrabber (Sigma-SLC, Matrix Vision, Oppenweiler, Germany).
Micromanipulators were used to position the pipette. The micropipettes were
pulled from I-mm-diameter capillaries and were treated before use with a
1 mg/ml bovine serum albumin (99% essentially fatty-acid-free, Sigma-
Aldrich) solution to prevent membranes from adhering to the pipette.
Pressures in the range 10°-10* Pa were applied and measured using a
pressure transducer (DP1530/N1S4A, Validyne, Northridge, CA).

Aspiration experiments were conducted in a thermostated chamber
(25°C) with open sides allowing for the entry of the micropipette. Vesicles
were initially pre-stressed at a tension level of 2—4 mN/m to remove any
internal lipid reservoirs in the form of buds or tubes. After a period of time
(~60 s) the pressure was reduced to a level corresponding to ~1 mN/m and
then stepwise-increased. At each pressure level, a snapshot was recorded for
analysis of vesicle geometry. The duration of an average aspiration
experiment of a single vesicle was ~5 min.
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Micropipette data analysis

Here we present a modified version of the data analysis procedure presented
in Henriksen and Ipsen (37) that we use to determine K,. This is achieved
by analyzing the change in optically resolved membrane area with respect to
the equilibrium area in response to aspiration pressure. In the conventional
data analysis procedure by Evans et al. (28,30), membrane deformation
is described by the relative change in the optically resolved area, o =
(Ap — A;") /Aip“, where Aip“ is the optically resolved area of the initial state.
The optically resolved area of the aspirated vesicle is determined by ap-
proximating the mean shape of the vesicle as a hemisphere with a radius
equal to the pipette radius, Ry, a cylinder of length L, and an outer sphere of
radius, R,,

A, = 27R; (1 +4/(1 = (Rl/R2)2)> +27R\L + 27R;.

2
The frame tension, 7, is the thermodynamic conjugate of A, and is, to a good
approximation, related to the aspiration pressure (36,37),

R, Ap
(1 =R,/Ry)

The calculation of o assumes conservation of vesicle volume, a condition
which is not strictly fulfilled (note that solvent evaporation from the chamber
may account for drifting of the vesicle volume at 25°C) (37). Changes in
volume are slow, thus the vesicle can be considered quasi-static throughout
the duration of a single aspiration experiment and Eq. 3 is a reasonable
approximation. We previously described image analysis of the vesicle’s
mean shape so that membrane deformations can be characterized without
assuming constant volume (as shown in Fig. 2 b) (37).

Experimentally, we can access only the optically resolvable area (Fig. 2
a). Thus, the total membrane area cannot be resolved due to membrane
undulations on suboptical length scales. As a consequence, K, of the true
membrane surface cannot be determined from the experimental observables
alone in the high-pressure regime (37). However, K, can be estimated by an
apparent area expansion modulus, K,, that quantifies the response of the
optically resolvable area to an increase in the membrane tension. The ap-
parent area expansion modulus is defined as

_ 0
Ka - Ap,O <6TT> ) (4)
P/ T

where the reference state, A, o = Ap(7 = 0), is the optically resolvable area at
zero frame tension. A linear fit of 7 ~ (97/9A,)A, — K, yields the apparent
area expansion modulus (Fig. 3). The reference state, A, o (Eq. 4) is uniquely
defined by extrapolation of the optically resolvable area to zero frame
tension (Fig. 3).

In the high-pressure regime, where K, is determined, membrane
undulations are greatly reduced but still persist. The correction due to the
renormalization of K, is described in Appendix 1. For these particular sterol-
lipid systems, the relative reduction of the apparent area expansion modulus,
K, /Ka — 1), is estimated to be 3-7% (see Eq. 18). Since this shift is modest,
we present the uncorrected K.

Values for K, are each based on a population of 15-25 vesicles from at
least two independent aspiration experiments. For each measurement it is
possible that the vesicle is either multilamellar or has membrane defects,
tethers, or buds that contribute to membrane area upon aspiration. Each
population is statistically tested (Student’s t-test) and aberrant vesicles
emerge in the data population as distinct points that are removed. With this
procedure, reliable estimates of K, can be obtained to within ~2%. This
represents a major reduction in error on K, determined by conventional
micropipette analysis. Furthermore, this method of data analysis is much
more efficient and does not require that vesicle volume remain constant—
which is especially useful for experiments at higher temperature where
solvent evaporation from the chamber can occur.

3)

T =
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FIGURE 3 Plot of the data obtained from micropipette aspiration of a
POPC lipid vesicle in the high-tension regime at 25°C. The data is presented
in the form of the frame tension, 7 (Eq. 3), as a function of the optically
resolvable area, A, (Eq. 2). The fitting range is limited to 7 = 2 mN/m, which
yields the apparent area expansion modulus K, = 204 mJ/m?. The error
bars are estimated by (87/7) ~ (8R1/R,) ~ 1/25 and (8A,/A,) ~(B8R/R,) ~
1.5 X 1073, The zero frame tension area, Ap o, is the intercept of the fitted
linear curve and the x axis.

2H-NMR

A membrane consisting of lipids with deuterated acyl chains gives rise to a
2H-NMR spectrum that is a superposition of Pake doublets from deuterons at
positions along the lipid acyl chains. The Pake doublets are distinguished
by a quadrupolar frequency splitting that is proportional to the degree of
conformational order along the lipid chain. As motions faster than the NMR
timescale (10~°~107% s) reduce the average quadrupolar splittings, the shape
of the resulting frequency spectrum reflects acyl-chain conformation and
dynamics. In the liquid crystalline phase that is characterized by rapid axially
symmetric molecular motions, the quadrupolar splittings vary along the acyl
chain due to the gradient in molecular motion characteristic of the fluid
phase lipid bilayer. Below the main phase transition temperature, lipid
chains become more constrained in their motions. The reduced, nonaxially
symmetric chain motions are reflected in larger linewidths of each individual
quadrupolar doublet and a wider spectrum characteristic of the gel phase. In
this way, a 2H-NMR spectrum reflects membrane phase behavior and acyl-
chain order.

NMR sample preparation

POPC-d3; was obtained from Avanti Polar Lipids. Lanosterol (~97% pure),
ergosterol (79% pure), and deuterium-depleted water were from Sigma-
Aldrich Canada (Oakville, ON).

Multilamellar dispersions, typically of 80 mg POPC-d3; containing 0, 10,
20, and 30 mol % sterol, were prepared from mixtures of appropriate
quantities of lipid and sterol in benzene/methanol (4:1, v/v). After freeze-
drying, samples were rehydrated in a buffer containing 150 mM NaCl,
50 mM HEPES, 4 mM EDTA, and deuterium-depleted water (pH 7.4).
Hydration was performed by freeze-thaw-vortex cycling five times between
liquid nitrogen and 50°C. Samples were then transferred to NMR tubes and
sealed. Before data acquisition, samples were equilibrated at 25°C for 2 h.

2H-NMR spectra

2H-NMR spectra were acquired using the quadrupolar echo technique (43) at
46.8 MHz. A typical spectrum resulted from 10,000-15,000 repetitions of
the two-pulse sequence with 90° pulse length of 3.95 us, interpulse spacing
of 40 us, and dwell time of 2 us. The delay between acquisitions was 300 ms
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and data were collected in quadrature with Cyclops 8-cycle phase cycling.
All spectra were obtained at 25°C.

Determining the first moments

The first moment, M, is a reflection of the average quadrupolar splitting and
is defined as

1) (@)]w] do

:——wL
) 0 f (@) do

where w is the frequency shift from the central (Larmor) frequency, flw) is
the spectral intensity, and *wy are the frequency limits of the spectrum. M,
is related to the average order parameter by

o

2
eqQ
= = ([Seo)): ©)
where Scp (1) = (1)/(2)(3cos?(0,) — 1), 6, is the angle between the C-D

bond of the n™ carbon position and the axis of symmetry of rapid motion of
the acyl chain, and e’qQ/h is the static quadrupolar coupling constant.

M,

RESULTS
Micropipette aspiration

Table 1 and Fig. 4 display values obtained for the apparent
area expansion modulus, K,. As shown, the presence of
cholesterol, lanosterol, and ergosterol in POPC membranes
induces an increase in K, following the sequence cholesterol
> lanosterol > ergosterol for all measured concentrations.
For cholesterol and lanosterol, K, increases monotonically as
a function of sterol content whereas the effect of ergosterol
levels off above 20 mol%. The relative increases in K, for 10,
20, and 30 mol% sterol measured with respect to the value of
pure POPC at 25°C are: 13%, 30%, and 66% for cholesterol;
8%, 22%, and 32% for lanosterol; and 2%, 9%, and 13% for
ergosterol.

TABLE 1 Effects of sterols on POPC membranes at 25°C
Components  Composition  K,[mJ/m?] k[ksT] M, [X 10° s71]
POPC 100% 213 £ 5 38.5 £ 0.8 47.0 = 0.5
Cholesterol 10% 240 = 2 544 1.2 57.0 = 0.6
20% 276 = 5 70.2 = 0.8 66.1 = 0.7
30% 354 £ 5 86.8 £ 14 75.0 £ 0.8
Lanosterol 10% 230 = 4 51.7 £ 1.2 56.4 = 0.3
20% 260 = 6 61.3 = 1.1 61.7 £ 0.2
30% 281 = 6 71.5 £ 0.6 65.1 = 0.2
Ergosterol 10% 216 = 4 458 = 1.1 51.5 £ 0.5
20% 233 £ 7 535 *+ 1.7 58.3 £ 0.6
30% 241 = 8 546 = 1.1 57.6 £ 0.6

The area expansion modulus, K,, was determined by micropipette aspira-
tion. Values of membrane bending rigidity, k, were previously reported
(33). The first moments, M, of the 2H-NMR spectra were determined for
sterols in POPC-d;; membranes. Values for cholesterol were interpolated
from data previously reported (19). Error on k and K, represents standard
deviation from the mean value of a population of vesicles. Lanosterol error
represents standard deviation from the average of five scans each of 20,000
averages.
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FIGURE 4 Plot of (a) the apparent area expansion modulus, K, and (b) the first moment of the >H-NMR spectrum, M, as a function of sterol content. K, is
determined by micropipette aspiration and M by H-NMR. The extent to which these sterols increase K, and M, follows the sequence cholesterol > lanosterol
> ergosterol for all measured sterol concentrations. Numerical values and error are reported in Table 1.

2H-NMR

“H-NMR spectra were obtained for multilamellar dispersions
of POPC-d3; containing 10, 20, and 30 mol% lanosterol and
ergosterol at 25°C. The M, values for POPC-ds;;/cholesterol
were interpolated from data previously reported at 20 and
30°C (19). Fig. 5 shows spectra obtained for binary mixtures
of POPC-d3; with lanosterol. The spectral width is observed
to increase with sterol concentration. At a concentration of 30
mol% sterol, the average spectral width increases following
the sequence cholesterol > lanosterol > ergosterol.

(a)

(b)

(©)

I T
-40 -20 0 20 40

kHz

FIGURE 5 Spectra obtained by H-NMR for POPC-d;; membranes
containing (a) 10 mol%; (b) 20 mol%; and (c) 30 mol% lanosterol at 25°C.
Acquisition parameters are documented in the text.

Increasing the concentration of a particular sterol species in
POPC-d3;; membranes results in an increase in the average
width of the obtained spectra. To describe this effect
quantitatively, the average spectral width is expressed as the
first moment, M, (Eq. 5). M, values are determined for the
acquired spectra and are displayed together with standard
deviations in Table 1 and Fig. 4 b. As illustrated, the
incorporation of these sterols into POPC-d;; membranes
results in a progressive increase in M; with sterol content at
25°C. The extent to which the three sterols increase M, values
follows the sequence cholesterol > lanosterol > ergosterol.
For cholesterol and lanosterol, M, is nearly directly propor-
tional to sterol concentration. The effect of ergosterol,
however, is seen to plateau above 20 mol% ergosterol.

In the liquid crystalline phase, where acyl chains undergo
rapid, axially symmetric reorientation about the bilayer
normal, M, is proportional to the average order parameter.
Thus, an increase in sterol concentration results in increased
lipid acyl chain order. The relative increases in M, for 10, 20,
and 30 mol% sterol with respect to the value of pure POPC-
ds; are: 21%, 41%, and 60% for cholesterol; 20%, 31%, and
39% for lanosterol; and 10%, 24%, and 23% for ergosterol.

Discussion of data

Both micropipette aspiration and “H-NMR reveal these three
sterols are membrane rigidifiers that order lipid acyl chains in
POPC bilayers. The potency of their effects follows the
sequence cholesterol > lanosterol > ergosterol. We observe
the same qualitative behavior for both K, and M, as a func-
tion of membrane sterol content (Fig. 4). For cholesterol
and lanosterol, the effective increase in both K, and M, is
nearly linear with sterol concentration. For ergosterol, the
increase levels off above 20 mol% ergosterol. A similar pla-
teau effect of ergosterol has been observed using other tech-
niques (23,44.,45).

The results for K, are in agreement with previous
micropipette aspiration experiments showing that cholesterol

Biophysical Journal 90(5) 1639-1649



1644

increases membrane stability (DPPC and SOPC) (30,36).
Micropipette aspiration has also been used to determine the
effects of lanosterol and ergosterol on DPPC membranes at
low temperature (10°C) (13). In that study, the increase in the
area expansion modulus was shown to follow the sequence
ergosterol > cholesterol > lanosterol. This is not consistent
with our observations of POPC membranes and indicates
that sterols’ sequential rigidifying effect on membranes is
sensitive to lipid packing, for example, the nature of the lipid
species (saturated versus unsaturated) and/or temperature
relative to T,,. In both cases, it is clear that sterols promote
membrane stability.

The effect of sterols on membrane mechanics can be
understood in terms of how cholesterol, lanosterol, and ergos-
terol promote lipid acyl-chain order. Indeed, 2H-NMR reveals
that all three sterols induce an increase in the spectral width, M,
with the same sequence as for the mechanical moduli. This
observed increase in M is consistent with previous NMR studies
(19,22) and computer simulations (46,47) that show how sterols
induce acyl-chain order in both saturated and unsaturated lipid
bilayers. Some of these studies have revealed that cholesterol
induces a larger increase in acyl-chain order parameters than
lanosterol (12,14,23,27,46,48). Also with NMR, the interaction
of sterols with lipid bilayers was found to be sensitive to the
temperature relative to Ty, (13,23).

These results are consistent with previous studies showing
that the presence of sterols in membranes increases the
membrane bending rigidity, « (29,33,48,49). Correlating k
to K, and M, sheds new light on the properties of membranes
containing sterols. Fig. 6 a reveals that for a given value of k
there is a corresponding value of K,, which is independent of
sterol type and concentration. Moreover, it is found that for a
given sterol and concentration, the relative increase in k is
larger than that of K,. These sterols are thus more effective in
rigidifying the membrane than increasing membrane resis-
tance to area expansion.

Fig. 6 b illustrates how /K, varies as a function of M. It
has previously been demonstrated that the relation /K, ~ d”
holds for pure lipid membranes (38,50), which is consistent
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with simple shell theory. Considering that the hydrophobic
thickness, d, increases linearly with M, (6,51), it follows that
the shell model fails to describe the behavior of sterol-POPC
lipid mixtures.

Further insights into the relationship between membrane
mechanical properties and acyl-chain order are obtained by
plotting the mechanical moduli versus M, (Fig. 7), revealing a
remarkable data collapse. Fig. 7 illustrates that the dependence
of K, and k on M, differs. Whereas K, shows a parabolic form
(Fig. 7 a), k exhibits a nearly linear dependence on M, (Fig. 7
b). A previous study pursued a qualitative correlation of NMR
and micropipette aspiration data for DPPC membranes
containing 40% cholesterol, lanosterol, or ergosterol (13). In
the present study, we have resolved the functional dependence
of both k and K, on M and sterol content.

At 25°C, POPC membranes are in the /; phase. With
increasing sterol concentration, we progress from the /; to
the /, region in the phase diagram and acyl-chain order is
observed to progressively increase. Previous investigations
of cholesterol-POPC mixtures indicated /3 — [, phase
separation in the range 5-30 mol% (20,52). Neither our
micromechanical nor our NMR studies support the existence
of macroscopic phase separation in this concentration range.
Also, the spectra obtained by VFA are consistent with those
of homogeneous liquid mixtures (33). We cannot exclude,
however, the possibility of microphase separation or critical
fluctuations due to the presence of a consulate point of a
lq — 1, coexistence region.

Taken together, our results demonstrate that the mechan-
ical properties of lipid membranes are governed primarily by
the state of the lipid components. This indicates that sterols
act to modify acyl-chain order, and in this way influence
membrane mechanical properties. We further explore these
findings in terms of simple theoretical considerations.

Theoretical considerations

In this section, we focus on how we can learn about fun-
damental sterol-lipid interactions by use of the experimental
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FIGURE 6 Plot of (a) the area expansion modulus, K,, as a function of the bending rigidity, «, and () the ratio x/K, as a function of M,.
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FIGURE 7 Plot of (a) the area expansion modulus, K, and (b) the bending rigidity, «, as a function of the acyl chain order measured by M;. Both
mechanical moduli exhibit a unique functional dependence on M, independently of sterol structure and concentration. Numerical values and error are reported

in Table 1.

results and some minimal assumptions. Let us consider a
monolayer of the membrane with N, lipids and N sterols. The
cross-sectional area of the sterols is considered as a constant
(~32 A®). This is justified by the fact that sterols are rigid
molecules that are not easily deformed in the lipid matrix (53).
It follows that the canonical free energy is the relevant ther-
modynamic potential,

F(Nh Nsa a, T) = Nf(xv ay, T)7 (7)
where N = N; + Nj is the total number of molecules and

x = (Ns/N) the mol fraction of sterols. As described above,
the total area, A = Na; + N.a,, is related to the lateral tension

= giz‘)Nl‘Ng‘T - %)NI,NS,T%)N]‘NS,T - 1 ix%)xm'

®)

For a freestanding membrane in mechanical equilibrium,
7 = 0. The area expansion modulus is

or _a(1-x)+axor
)NIANS,T - 1 7)XAT7 &)

K,=A—
0A 1 —x Oa,

where A, is the total area and a,° the lipid cross-sectional area
in equilibrium. The experimentally determined correlation
between lipid order (cross-sectional area) and area expansion
modulus for all three mixtures shown in Fig. 7 can be
expressed as K,(a;, x) = K,(a;(x)). In other words, there is no
explicit x-dependence in K, so with the definitions in Egs.
7-9 we get

oK,
Ox

4:sz&M+V@D

S1-x

), =0=rlna)=

+ W(x).

U(x), V(a)), and W(x) are some general differentiable
functions to be determined, where some properties of U
and V are obtained from the experimental results (note that W
may contain contributions from interactions between sterols

(10)

and entropy of mixing). The first term represents contribu-
tions to the chemical potential of the lipids. The term U
encompasses the interfacial tension and the interaction
between lipid and sterol molecules. Contributions to V can
derive from, for example, chain conformational energy, the
entropy confinement of floppy lipid chains, and Flory-
Huggins-like entropy of mixing. In this representation, the
equilibrium condition is V'(¢) = — U(x) and the area
expansion modulus K, = V" (a)). To establish the connection
between membrane mechanical properties and acyl-chain
order, we note that the average order parameter, {|Scp)|), is
affinely related to the bilayer’s hydrophobic thickness, d,
(15,51,54). Hence, M, values provide a simple way of
estimating bilayer hydrophobic thickness and cross-sectional
areas by use of hydrophobic volume conservation, (a,)/(a;) =
(d)/(d°) = 1+am, where m = M; — MY and M is M, for
pure POPC-d3; (Table 1). We will use the estimated values of
the hydrophobic thickness ¢° = 25.8 A for pure POPC-d; at
25°C (54) on the basis of theory and data from x-ray diffraction
and H-NMR. The constant & is calibrated to 5.8 X 107 ° s
within 10% error from values reported in Table 1 and Nezil
and Bloom (54) for cholesterol-POPC-d;; mixtures.

The correlation between the experimental data for K, and
M, (Table 1 and Fig. 7) can be parameterized by a Taylor
expansion. Following from the above considerations, this
relation can also be established for theoretical potentials

K@) -~ K.(a) 3

— Zgimi + O(dn+lmn+l).

) 11
Ka(al) i—1 (1)

The coefficients g; depend on & and the particular form
of V(a). The experimentally determined values are
g€ =39X10""s, g& =1.9x1071%¢?, and g =10X
1019 5%, This shows that the second-order term is the most
significant, whereas higher-order terms are negligible. The
observed behavior cannot be captured by simple phenom-
enological potentials used in the literature, e.g., the form
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V(a)) = ya; + &/ay, that accounts for interfacial tension and
phospholipid headgroup repulsion (55). In the absence of a
good model underlying the behavior of V, we can param-
eterize the potential using the experimental quantity m from
integration of Eq. 11.

Now, let us turn to the form of U(x). To get a picture of the
contributions to U we Taylor-expand to second-order in x,

U(x) = up + ux + ux°. (12)

Here u, determines the equilibrium condition V'(a)) = —uy
for pure POPC, so this term has the character of an interfacial
tension. The second term has the form of enthalpy of mixing
for pair interactions between lipid and sterol, and the third
term is relevant if multibody effects are of importance in the
system.

The equilibrium condition can now be investigated for V',

a
V'(a) = /0 daV"(a) = —a'V" (a})

4
y /m(a) g7m' + g?‘pm’2 + ...
0 (1 + dm’)z

dm’,  (13)

where we set V'(a?) = 0 (the uoa, term is included in V).
Expanding Eq. 13 in m to cubic order, the equilibrium
condition is

1
mx + ux’ = K,(a))a)a [m + (ng"p — o’z>m2

+ (dz + %g;**’ -~ iﬁ%}) mﬂ )

Based on the experimental data, the parameters u#; and u,
can now be calculated for each sterol. A simple fit gives (u;,
u2)cholesterol = (8» _3)kBT7 (ula u2)lanosterol = (87 _13)kBT»
and (41, Un)ergosterol = (9, —12)kgT where error is estimated
to be on the order of 10% and 25% for u; and u,, res-
pectively. These findings suggest that contributions from pair
interactions vary little between the sterols whereas multibody
effects (packing) differ significantly between cholesterol,
lanosterol, and ergosterol. Note that the results for ergosterol
differ if a saturation limit of this sterol in the membrane is
attained.

For the bending rigidity a similar data collapse is obser-
ved, k(a;, x) = k(@ (x) or (9k)/(0x)), = 0. Following the
same procedure as above, assuming bilayer symmetry, and
expanding the free energy in the mean curvature around the
flat configuration H = 0, the data collapse implies that

E_el@)opy 4 flayx. i = 0), (15)

A 2
where f(a;,x, H = 0) is dealt with above (Eq. 10), and Fig.
7b contains information about the functional form of k(a;).
Various models for the bending rigidity have been intro-
duced which predict that k o d”/a* . (50,56), where a,; is
some characteristic molecular area. From Eq. 15, it is clear
that this can only be the lipid cross-sectional area, a;. For-
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mulating this class of relationships in terms of first-moments
yields

k(M) — k(M) _ (1 + am)" ™. (16)

Fitting the form in Eq. 16 to the experimental results
shown in Fig. 7 b yields v + u = 5.6 = 1.1. It is interesting
to note that a simple random coil and packing model of lipid
chains predicts v + u =5 (56).

DISCUSSION AND CONCLUSION

Our study demonstrates that for POPC-sterol mixtures, lipid
chain order determines membrane mechanical properties.
Although the relative effects differ for each sterol, the observed
data collapse signals some universal features of these sterol-
lipid systems expressed through relations between the elastic
moduli and first moments of “H-NMR spectra. Such
behavior may be the underlying reason for the remarkable
robustness of the phase diagram topology for lipid-choles-
terol mixtures observed for a range of saturated and
monounsaturated lipids (11,17,21,52). The strong similarity
between sterols’ effects on lipid membranes was also
described in a previous study (27) where only minor changes
in a statistical mechanical model were needed to account for
the differences in order parameters and phase behavior
observed by “H-NMR in mixtures of 1-palmitoyl-2-petrose-
linoyl-sn-glycero-3-phosphatidylcholine  with cholesterol
and lanosterol. The universal behavior observed in this
study can also be correlated with another universal relation-
ship obtained for lipid systems by “H-NMR (26,57), which
can be restated as follows: for a given deuterated lipid chain
exposed to some perturbation, there is a universal set of order
parameter profiles Scp(n), that depends only on {|Scpl|) and
is independent of the origin of the chain perturbation whether
this be headgroup, temperature, and/or sterol content. This
finding establishes a one-to-one correspondence between the
family of order profiles, parameterized by {|Scpl), and K,
which depends only on M, or {|Scp|) through the potential,
V, at fixed temperature. Our results for varying sterol content
in POPC membranes at room temperature thus confirm the
conjecture that there is a close relationship between the order
parameter profile and membrane elastic behavior (6). Order
parameters reflect acyl-chain conformational entropy, thus
the structure and flexibility of lipid chains under constrained
conditions appears to be the natural origin of both the shape
of Scp(n) as well as the potential V that describes K,. The
connection of our results to the universality of order param-
eter profiles makes it natural in future work to extend the anal-
ysis into the temperature domain.

The factors that perturb lipid chain order, and thus mem-
brane mechanical properties, are contained in the generalized
surface tension U(x) that captures the complex interaction
between sterols and lipids. In particular, the potency to order
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the acyl chain is contained in U such that Uggosterol
< Ulanosterol < Ucholesterol- OUr results showing that effective
multibody interactions play a major role in sterol-lipid
interactions indicate that the effect of packing in membrane-
sterol behavior is significant. This is in accordance with the
established view (9,10,58). Note that the potency of acyl chain
ordering depends on the nature of the acyl chains (13,23,33).

Differences in the relative effects of sterols on membrane
packing and properties can be attributed to small differences in
sterol structure. With three additional methyl groups, lano-
sterol is a bulkier molecule than cholesterol. The shedding of
lanosterol’s methyl groups in the biosynthetic pathway gives
rise to cholesterol, whose smoother structure may facilitate
stronger cohesive interactions with lipids than its synthetic
precursor, lanosterol (27). Structurally, ergosterol differs
from cholesterol in that it has two additional double bonds as
well as a methyl group on the side chain.

These subtle structural variations can give rise to differ-
ences in the effect of sterols on membrane properties. For
example, sterols influence the state of hydration in the
headgroup region (1): the penetration of water into POPC lipid
bilayers has been shown by fluorescence techniques to vary
between cholesterol, lanosterol, and ergosterol (14,44). Also,
different sterols alter the membrane permeability barrier to
varying extents (59), and in general reduce the membrane-
partitioning of exogenous compounds such as alcohols (1,60).
It is unclear if these effects are a consequence of, or are caused
by, altered interactions in the headgroup region.

One may question the implications of differences in sterol
structure for biological function. Although sterols seem to
universally promote the lateral membrane heterogeneity that
is important for biological function (reviewed in (1,2,61)),
the formation and stability of domains in membranes varies
depending on sterol structure (62—65). Also, the action of
polyene antibiotics (amphotericin B) has been shown to be
much more active in ergosterol-containing membranes
(66,67). The different effects of cholesterol and ergosterol
could represent evolutionary divergence from their biosyn-
thetic precursor, lanosterol.

Here we have shown that small differences in sterol
structure give rise to marked alterations in membrane
properties. Nonetheless, this study indicates that, although
the relative effects of cholesterol, lanosterol, and ergosterol
on membrane thickness and sterol-lipid packing may differ,
the way in which these sterols modify membrane hydropho-
bic thickness and elastic properties is universal.

APPENDIX

Even at high tension levels membrane undulations persist. This renormalizes
the area expansion modulus. To evaluate the magnitude of this correction,
Eq. 57 in Henriksen and Ipsen (37) is expanded to lowest order in K,/(k37):

- K, K, 1
Ka(’T) _Ka I—W"‘O(K T) . (17)
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Typically, K, is acquired by fitting data in a specific tension range
[Tmin;Tmax]- The correction from thermal renormalization is obtained as an
average over this particular tension range

Tmax

K, = (T K,7)dr

- /Tmin)_1
Ka ln(Tmax/Tmin)
=K,(1- . 18
( 877KB(Tmax - Tmin)) ( )

If k and K, are known, Eq. 18 can be applied to estimate the reduction of K,
for a given 7-fitting range. For these particular sterol-lipid systems, the
relative reduction of the apparent area expansion modulus, (K,/K, — 1), is
estimated to be 3—7%. This estimate is based on k- and K,-values for the
pure POPC lipid membrane as reported in Table 1 and the tension range 7 €
[2;x] mN/m, x = 5. The relative reduction is generally proportional to K,/
and declines as a function of 7,;, and 7.
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