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Abstract

Small-angle neutron scattering (SANS) measurements are performed on pure dimyristoyl phosphatidylcholine (DMPC) unilamellar vesicles

(ULV) and those containing either 20 or 47 mol% cholesterol, ergosterol or lanosterol. From the SANS data, we were able to determine the

influence of these sterols on ULV bilayer thickness and vesicle area expansion coefficients. While these parameters have been determined

previously for membranes containing cholesterol, to the best of our knowledge, this is the first time such results have been presented for

membranes containing the structurally related sterols, ergosterol and lanosterol. At both molar concentrations and at temperatures ranging from 10

to 45 -C, the addition of the different sterols leads to increases in bilayer thickness, relative to pure DMPC. We observe large differences in the

influence of these sterols on the membrane thermal area expansion coefficient. All three sterols, however, produce very similar changes to

membrane thickness.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Membrane hydrophobic thickness has been identified as an

important modulator for the insertion [1], folding [2], multi-

meric assembly [3] and function [4–7] of trans-membrane

proteins. Since membrane protein reconstitution and activity

studies often utilize unilamellar vesicles (e.g., [8]), ULV have

become the focus of a number of studies pertaining to the

bilayer’s hydrophobic thickness [9–11], and its modulation by

cholesterol [12], proteins [13], solutes [14] and other additives

[15]. Both SANS and small-angle X-ray scattering (SAXS)
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have proven particularly useful for such studies, since the

scattering data yielded by these techniques are directly related

to vesicle structural parameters (e.g., [10,13]). It has been

hypothesized that the correlation between protein function and

cholesterol levels in membranes may be related to the

modulation of the membrane’s hydrophobic thickness (e.g.,

[7]). However, while cholesterol has been identified as a

modulator of membrane protein function ([16,17]), such

modulation could occur via any combination of factors

including: hydrophobic mismatch between the membrane and

transmembrane protein segments ([4–7]), membrane dynamics

[18], membrane elasticity [7], membrane lateral pressure

profile [19], and membrane lateral organization [20], since

cholesterol affects all of these membrane properties. Thus, the

identification of the particular mechanisms for cholesterol

modulation of protein function clearly requires knowledge of
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how cholesterol modulates membrane properties, such as the

hydrophobic thickness, elasticity, and lateral organization.

Synthetic and naturally derived sterols that are structurally

related to cholesterol have been utilized as biomolecular

probes allowing researchers to identify the specific structural

features of cholesterol that enable it to aid in the function of a

variety of membrane proteins (e.g., [21,22]). Such probes also

present the opportunity to identify the structural features

responsible for cholesterol’s abilities to modulate membrane

permeability [23], elasticity [24,25], lateral organization

[26,27], and acyl chain order [24,28–30]. As such, sterols

that are structurally related to cholesterol can help us to

elucidate cholesterol’s role in modulating the function of

transmembrane proteins.

Ergosterol and lanosterol are two specific sterols that have

attracted some interest in comparative studies with cholesterol

[24,29–31]. Ergosterol differs from cholesterol in having a

double bond at the base of its tail, joining C22 and C23, and an

additional methyl group attached to C24 (Fig. 1). On the other

hand, lanosterol has two additional methyl groups on the

otherwise flat alpha face, attached to C4 and C14 and one

additional methyl group on its beta face, also attached at the C4

position (Fig. 1). Similar to ergosterol, this sterol also has a

double bond in its tail, joining C24 and C25. The dimensions of

ergosterol and lanosterol (total length of the molecule and length

of the rigid steroid portion) are comparable to cholesterol.
Fig. 1. Space filling models (left) and chemical structures of (top to bottom) cholest

blue, as are the C28, C29 and C30 methyl groups of lanosterol.
Interest in comparisons of ergosterol and lanosterol to

cholesterol does not only arise from their structural similarities,

but also their biosynthetic relationships. Ergosterol is the final

step in the biosynthetic pathway for sterols of a variety of

yeasts, thus presenting a functional evolutionary alternative to

cholesterol [32,33]. Lanosterol, on the other hand, is a

biosynthetic precursor to both cholesterol and ergosterol and

rarely appears as a final product of sterol biosynthesis in

organisms (see, e.g., [34,35]). Despite the small differences in

their molecular architecture, these sterols differ significantly in

their modulation of membrane properties, which could be

associated with their differing roles in biological membranes.

Studies of the three sterols have shown that they vary in their

influence on membrane acyl chain order [28–30,36], phospho-

lipid lateral organization [26], and membrane material proper-

ties, such as elasticity and bending rigidity [24,25,31].

Studies of sterol-containing membranes have also shown

that these lipid mixtures exhibit complex phase behaviour,

which is sterol dependent [37–39]. Such mixtures can exhibit a

liquid-ordered (lo) phase, characterized by high sterol content,

molecular order similar to a gel phase and lipid dynamics and

mobility characteristic of fluid phase bilayers. Differences in

the phase diagrams of membranes containing cholesterol,

ergosterol and lanosterol are manifest as variations in the

position of phase boundaries, as well as differences in the

qualitative shapes of the phase diagrams.
erol, ergosterol and lanosterol. The C28 methyl group of ergosterol is coloured
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Because of the potential importance of hydrophobic

mismatch in modulating protein function, an understanding

of the mechanisms by which sterols modulate protein function

requires knowledge of how they induce changes in membrane

thickness. Extensive studies by various scattering methods

have shown that the addition of cholesterol to fluid phase

membranes increases the membrane bilayer thickness (e.g.,

[12,40–42]). Despite the large number of studies on choles-

terol containing membranes, to the best of our knowledge,

there have only been a handful of diffraction studies on

membranes containing other sterols [43–47], only one of

which characterized sterol-induced changes to membrane

thickness [47]. Knowledge of how sterols other than choles-

terol influence membrane structural parameters, such as

membrane thickness, is important in identifying the relative

contribution of hydrophobic mismatch to sterol-modulated

protein activity. As such, there is a clear need for structural

studies on membranes containing sterols other than cholesterol.

In this study, we use SANS to investigate differences in the

influence of various sterols on DMPC ULV thickness. We

examine mixtures at two levels of sterol content, 20 and 47

mol%. Based on the phase diagrams for these mixtures, we

expect 20 mol% sterol mixtures to exhibit either coexisting

solid ordered (so)-liquid ordered (lo) or liquid disordered (ld)-

lo phases (depending on temperature) while 47 mol% sterol

mixtures should be in the pure lo phase between 10 and 45 -C.
[37–39]. Fits to SANS data yield the scattering length density-

weighted average membrane thickness, vesicle size and

polydispersity, as well as changes in these parameters induced

by the addition of sterols and alteration of temperature. From

these data, we also obtain details about changes in vesicle area

resulting from changes in temperature. For ULV with the

various sterols at 47 mol% concentration, we find significant

variations in the thermal area expansion coefficients. However,

while all three sterols produce increases in DMPC ULV bilayer

thickness, the extent of thickness increase varies only slightly

among sterols.
2. Materials and methods

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), solubilized in chlo-

roform was purchased from Avanti Polar Lipids, Inc. (Birmingham, AL) and

used without further purification. Upon arrival, ampoules containing the lipid

were stored at �40 -C. Cholesterol, ergosterol and lanosterol were purchased as

lyophilized powders from Sigma-Aldrich (St. Louis, MO), with purities of

>99%, ¨99%, ¨97%, respectively, and also used without further purification.

D2O (99% purity) was purchased from Cambridge Isotope Labs, Inc. (Andover,

MA). All other chemicals were reagent grade. (Reference to commercial

sources and products used in this study does not constitute endorsement by the

National Institute of Standards and Technology (NIST), nor should it be

inferred that the products mentioned are necessarily the best available for the

purpose used).

300 Å radius ULV were prepared by extrusion using the method of Nayar et

al. [48]. For DMPC–sterol mixtures, sterols were dissolved in chloroform and

mixed with DMPC to the appropriate molar ratios. Lipid or lipid–sterol

mixtures solubilized in chloroform were then transferred to round bottom

flasks. Solvent was subsequently removed from the samples by careful flow of

N2 across the dispersions to yield lipid films. The thin films of lipid adhering to

the flasks were then placed under vacuum to remove any residual chloroform.

The dry lipid films were then dispersed into D2O, and the lipid dispersions were
subsequently extruded under N2 at approximately 30 -C using a pressure of

¨700 kPa. Total lipid concentrations were 10 mg/ml prior to extrusion, except

for samples with 20 mol% lanosterol, which had a concentration of 5 mg/ml.

Vesicles were extruded using three different pore radius polycarbonate filters

and a total of 27 passes [e.g., 1000-Å (9 times), 500-Å (9 times) and 250-Å (19

times)].

SANS measurements were performed using the NG1 8 m SANS [49]

located at the National Institute of Standards and Technology (Gaithersburg,

MD). A sample-to-detector distance (SDD) of 3.84 m and neutron wavelength,

k, of 6 Å (Dk/k =12%) were used, resulting in a total range in scattering vector,

0.015<q <0.16 Å�1, where q =4ksin(h/2)/k, and h is the scattering angle.

Vesicle size, polydispersity and bilayer thickness were determined from fits

to the data using the form factor for spherical vesicles and lipid bilayers of

uniform scattering length density. This form factor, as determined for neutron

scattering via the Born approximation (or via the Rayleigh–Gans–Debye

approximation for light scattering), is given by [50]:

P q;Rð Þ ¼ q � q0ð Þ2 R3
0

j1 qR0ð Þ
qR0

� R3
i

j1 qRið Þ
qRi

�� 2

; ð2Þ

where q is the average scattering length density (SLD) of the membrane, q0 is

the SLD of the medium, R is the distance between the center of the vesicle and

that of the bilayer, t is the bilayer thickness, R0=R + t/2, R i =R� t/2, and j1(x)

is the first-order spherical Bessel function:

j1 xð Þ ¼ sin xð Þ
x2

� cos xð Þ
x

ð3Þ

In order to take into account the influence of vesicle size polydispersity, Eq. (2)

is integrated over the Schulz, or Gamma distribution, given by

G Rð Þ ¼ zþ 1

Ra

�� zþ1
Rz

C zþ 1ð Þ exp
� R zþ 1ð Þ

Ra

��
; ð4Þ

where the number average vesicle radius is equal to Ra, the variance is r2=Ra
2/

(z +1) and the polydispersity (relative variance) is D2=1/(z +1). The scattered

intensity from a suspension of ULV is then given by:

I qð Þ”
Z
G Rð ÞP q;Rð ÞdR: ð5Þ

Fits to the data also include the effects of instrumental smearing, as described

by Glinka et al. [51] and a constant incoherent background. Data reduction was

performed and data were fit using Igor Pro and macros provided by NIST [52].

The ULV surface areas, A, are calculated from the mean radii, Ra, as A=4kR
2.

Note that the representation of the membrane SLD as a uniform region with

sharp interfaces is an approximation to a more complex SLD; as observed in

[53], a more realistic representation of the membrane SLD includes a

continuous change in SLD from a uniform hydrophobic core to the membrane

water interface. However, Ku*erka et al. [53] also show that a meaningful

determination of the hydrophobic thickness and thickness of the interfacial

region either depend on simplifications of the model of the membrane profile,

or rely on accurate knowledge of the scattering lengths and component volumes

of the lipids making up the membrane. Elsewhere, it has been shown that the

apparent thickness of ULV in D2O and changes to that thickness follow the

same trends as the hydrophobic thickness (e.g., [9,15]), although the apparent

thickness has a numerical value somewhat lower than the hydrophobic

thickness [10]. Meanwhile, other studies have shown that the apparent

membrane thickness will depend not only on the hydrophobic thickness, but

also the extent of water penetration into the interfacial region [53–55]. Thus,

our observation of changes to the apparent thickness will likely reflect either

changes to the hydrophobic thickness or the extent of water penetration into the

membrane, or some combination of the two.
3. Results

3.1. Vesicle size and polydispersity

Fits to SANS data, as a function of sterol content and

temperature, yield ULV size, polydispersity and membrane



Table 1

Fitting results for DMPC ULV at 30 -C as a function of sterol content

Composition <R> (Å) r t (Å)

Pure DMPC 313.4T8.4 0.23T0.01 40.1T0.1

20 mol% chol 315.6T6.1 0.20T0.01 43.8T0.1

47 mol% chol 312.3T6.4 0.19T0.01 44.1T0.1
20 mol% erg 316.6T6.7 0.21T0.01 43.6T0.1

47 mol% erg 322.2T5.7 0.20T0.01 44.3T0.1

20 mol% lan 314.2T6.7 0.20T0.01 44.2T0.1

47 mol% lan 322.4T6.7 0.20T0.01 43.7T0.1

Error bars cited correspond to uncertainties in the fitting parameters.

J. Pencer et al. / Biochimica et Biophysica Acta 1720 (2005) 84–91 87
thickness. We were able to determine the mean vesicle sizes

and polydispersities with a reasonable degree of accuracy

(errors <5%). However, the changes in these parameters over 5

-C increments were smaller than the fit uncertainties, making it

difficult to quantitatively assess vesicle size changes over small

temperature intervals. Nevertheless, as shown below, we were

able to assess temperature induced vesicle size changes by

fitting data over large temperature intervals (e.g., spanning an

interval ¨30 -C).
In order to verify that the extrusion process resulted in well-

defined populations of ULV for all lipid–sterol mixtures, we

first examined ULV at 30 -C. Representative fits are shown in

Fig. 2 and fit parameters are given in Table 1. Error bars

quoted in Table 1 correspond to fit errors. We find that all

samples examined consist of low polydispersity, monomodal

distributions of ULV, and that the presence of the various

sterols in DMPC vesicles does not significantly influence

either their size or polydispersity. For all samples we find

mean vesicle radii of approximately 300 Å with polydisper-

sities of ¨0.2. For pure DMPC ULV at 30 -C, we find

somewhat different values for the mean size and polydisper-

sity, than those obtained in another recent SANS study (http://

arxiv.org/abs/physics/0507140). However, as noted by Patty

and Frisken [56], the mean size and polydispersity of extruded

vesicles can vary, depending on both extrusion pressure and

membrane composition.

3.2. Membrane thickness

In contrast to changes in ULV size and area, changes to

membrane thickness as a function of temperature are much

more readily observable (Fig. 3A and B). The values for the

apparent membrane thickness are shown in Fig. 3, for

cholesterol, ergosterol and lanosterol, respectively. On heating
Fig. 2. SANS curves for DMPC vesicles at 30 -C with 20 mol% cholesterol

(open squares), ergosterol (open triangles), lanosterol (open inverted triangles)

and without sterol (open circles). The inset shows scattering data from pure

DMPC ULV, plotted as q2 vs q. Also shown are fits to the data (solid lines)

using the RGD approximation. Fit results are summarized in Table 1.
from 10 to 30 -C, we observe a substantial reduction, 4 Å, in

the apparent thickness of pure DMPC ULV, consistent with

observations elsewhere of the membrane structural changes

that accompany the gel–fluid phase transition (e.g., [57,58]).

For the DMPC sterol mixtures, we also observe thickness

reductions on heating, ¨4 Å and ¨2 Å for 20 and 47 mol%

sterol concentrations, respectively. The addition of sterols

produces an increase in the membrane thickness at both 20

and 47 mol% at all temperatures examined. Surprisingly, for

the different sterols at temperatures less than 25 -C, the

addition of 20 mol% sterol produces a greater change in

bilayer thickness than at 47 mol% sterol content. However,

above 35 -C, this trend is reversed.

While the influence of all three sterols on membrane

thickness is similar, there are small differences. At all

temperatures, lanosterol appears to produce slightly greater

thickness increases than the other two sterols at 20 mol%, and

ergosterol appears to produce a somewhat larger thickness

increase than the other sterols at 47 mol%. Studies elsewhere,

using more sophisticated models of membrane SLD profiles,

have shown that the apparent membrane thickness will depend

on both the membrane hydrophobic thickness and level of

hydration [53–55]. Thus, the small differences in apparent

thickness that we observe among the various lipid–sterol

mixtures could be due to either differences in hydrophobic

thickness or the extent of membrane hydration. Unfortunately,

we cannot distinguish between these two possibilities here,

since the q range of the present data is not sufficient to obtain

unambiguous fits using the more sophisticated models de-

scribed in [53–55]. In any case, since the differences among

the lipid–sterol mixtures are small, it is clear that the

corresponding differences in either hydrophobic thickness or

hydration level must also be small.

3.3. Thermal area expansion coefficients

The area changes of the ULV membranes containing 47

mol% sterol have, to a first approximation, a linear dependence

with temperature. This linear dependence allows us to

determine thermal area expansion coefficients, as in Needham

et al. [59] via linear regression fits. In Fig. 4, the area vs.

temperature dependence is shown for ULV containing 47

mol% cholesterol, ergosterol and lanosterol, respectively,

plotted against that of pure DMPC. The surface areas are

normalized to those values found at 20 -C, as in Needham et al.

[59]. The linear dependence allows us to determine the thermal

 http:\\www.arxiv.org\abs\physics\0507140 


Fig. 3. (A) Membrane thickness vs. temperature for pure DMPC ULV (squares), and DMPC ULV containing 20 mol% cholesterol (circles), ergosterol (triangles), or

lanosterol (inverted triangles). (B) Membrane thickness vs. temperature for pure DMPC ULV (squares), and DMPC ULV containing 47 mol% cholesterol (circles),

ergosterol (triangles), or lanosterol (inverted triangles). Lines joining the various data points are not fits to the data, but are provided to better show the various trends.

Error bars shown correspond to uncertainties in the fits based on the assumption of uniform membrane scattering length density (SLD). As discussed in the text,

given that the membrane SLD is not uniform, the uncertainties may be much larger, ¨0.5 Å.
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area expansion coefficient, DA/(A0DT)=a, for the various

membranes. We assess the value a at 25 -C, in order to make

comparisons with the results of [59], and find that the sterols

reduce the thermal area expansion coefficient, relative to pure

DMPC [59], in the order ergosterol>cholesterol> lanosterol

(Table 2). Note that our measured value of a for DMPC at 25

-C is significantly larger than that of Needham et al. [58] at 35

-C. The reason for this difference is simply that the value of a
rapidly increases near the phase transition.

4. Discussion

The sterol concentrations used in this study, 20 and 47

mol%, likely produce mixtures corresponding to distinct

regions within the lipid–sterol phase diagrams. As mentioned

previously, the former should exhibit phase coexistence, while
Fig. 4. Vesicle surface area (normalized to that at 20 -C) as a function of

temperature for DMPC ULV (squares) and vesicles containing 47 mol%

cholesterol (circles), ergosterol (triangles), or lanosterol (inverted triangles).

Also shown is a linear regression fit to the data for vesicles containing

cholesterol. DMPC vesicle data is fit over the temperature interval from 20 to

30 -C.
the latter exists within a pure lo phase over the temperature

range examined. Since there is considerable experimental

evidence that the phase behaviour for PC–cholesterol mixtures

is generic [60,61] we use the phase diagrams given by [37–39]

to estimate temperatures corresponding to phase boundaries for

the mixtures used in our study. For 20 mol% cholesterol and

ergosterol, we expect so-lo phase coexistence below ¨20 -C,
and ld-lo coexistence above this temperature. ULV containing

20 mol% lanosterol should show so-lo coexistence below

¨15 -C, and ld-lo coexistence above this temperature. At 47

mol%, all three mixtures should form a pure lo phase over the

entire temperature range examined. Thus, while parameters

obtained for membranes containing 47 mol% sterol correspond

to those in the lo phase, the thickness obtained for membranes

with 20 mol% sterol will constitute an average of the lo and

either the so or ld phase, depending on temperature.

As discussed above, at 47 mol% concentration, the variation

of vesicle area with temperature is nearly linear, which allows

us to estimate the thermal area expansion coefficients via linear

regression fits to the data. The sterols reduce the area expansion

coefficients in the order ergosterol>cholesterol> lanosterol,

suggesting that ergosterol has the greatest condensing effect on

DMPC membranes while lanosterol has the least. Since all

three sterols are fairly rigid, compared to DMPC, they all have

an ordering influence on the lipid. Acyl chain ordering of
Table 2

Thermal area expansion coefficients for DMPC ULV containing 47 mol%

cholesterol, ergosterol and lanosterol, at 25 -C

Composition a (�10�3 -C�1

Pure DMPC 10.1T0.5
47 mol% chol 1.9T0.1

47 mol% erg 0.5T0.7

47 mol% lan 2.9T0.5

Pure DMPC (35 -C)a 4.2T0.2
40 mol% chol (35 -C)a 2.3

50 mol% chol (22 -C)a 1.3
)
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DMPC, as well as attractive van der Waals interactions, likely

lead to closer phospholipid packing, or condensation. Since

ergosterol is more conformationally restricted than cholesterol,

it is likely to be more effective in condensing DMPC.

Lanosterol, on the other hand, is likely to be less effective in

condensing the membrane, since the two methyls attached to

C4 and C14 will disrupt close packing between the sterol and

lipid. These results are not surprising, since similar observa-

tions have been made by Urbina et al., with respect to the

ordering of DMPC by the three sterols [30].

Consistent with other studies of phospholipids, we observe a

substantial reduction in the apparent lipid thickness on heating

ULV from the gel phase to the fluid phase. As discussed above,

it is not a priori clear whether our observations reflect a change

only in hydrophobic thickness or may also reflect changes in the

thickness of the membrane water interface. Detailed structural

studies of pure DMPC membranes in [57,58] report a change in

dHH (the distance between headgroups on either side of a

bilayer) on heating from 10 to 30 -C of 40.1 to 35.3 Å and

concomitant change in the steric thickness, dbV, of 48.3 to 43.4

Å. In our case, the values of the apparent thickness at 10 and 30

-C are 44.2 and 40.2 Å, respectively. Comparison of our results

with those in [57,58], clearly shows that the thickness we obtain

from SANS is intermediate between the hydrophobic and steric

thickness of the bilayer, which must therefore contain contribu-

tions from both the hydrophobic thickness and thickness of the

hydration layer. Our observation of a smaller thickness change,

4 Å, than that observed in [57,58], 5 Å, likely reflects the

uncertainty that arises due to the combined effects of changes to

the hydrophobic and hydration layer thicknesses.

When cholesterol, ergosterol and lanosterol are added to

DMPC, we find the surprising result that the sterols produce a

thickness increase of the ULV membrane below Tm of the pure

lipid. Since the addition of these sterols to the pure lipid gel

phase reduces the mean acyl chain order [37–39], and acyl

chain order is correlated to membrane thickness [61,62], one

might expect that the addition of these sterols to the gel phase

should reduce the membrane thickness. However, diffraction

studies show that the addition of cholesterol to the gel phase of

pure DMPC increases the thickness of the membrane [63]. In

this study, it is suggested that the cholesterol-induced thickness

increase in the gel phase is likely a consequence of the

disruption of lipid tilt [64,65]. A reduction of acyl chain tilt in

the membrane could lead to an increase in the bilayer

thickness, even with a reduction in the acyl chain order.

Léonard et al. [63] show that if there is no chain conforma-

tional disorder, complete disruption of the lipid tilt in the gel

phase of DMPC should lead to a membrane thickness increase

of about 5 Å. On the other hand, the thickness reduction on

going from the gel to fluid phase of DMPC, due to disordering

of the acyl chains is also about 5 Å [57,58]. Thus, the addition

of sterol to DMPC in the gel phase could result in membrane

thickening or thinning depending on the degree of chain

disorder compared to the effect of disruption of the acyl chain

tilt. Since our results show that membranes containing sterols

are thicker than pure gel phase lipid, we see that for all three

sterols, the reduction of lipid tilt dominates over the reduction
of acyl chain order in influencing membrane thickness. This

observation is consistent with the previous results of Léonard et

al. [59], who observe an increase in hydrophobic thickness of

about 3.5 Å with the addition of 30 mol% cholesterol to the gel

phase of DMPC.

Below the Tm of pure DMPC, we observe that the 20 mol%

mixtures show greater thicknesses than either the 47 mol%

mixtures or pure gel phase DMPC bilayers. From this result,

we can infer that, on average, at lower concentrations the

sterols have a greater effect on lipid tilt than acyl chain order. It

is likely that the sterols disrupt lipid tilt in the gel phase of the

mixtures as well as the lo phase. Since the acyl chains in the gel

phase will still show a high degree of order, disruption of lipid

tilt will result in a significant increase in membrane thickness,

much more so than in the lo phase. Thus, the average thickness

of the untilted gel phase plus that of the lo phase will be larger

than either the sterol free tilted gel phase or pure lo phase.

The addition of and differences in the overall concentration

of sterols also contribute to changes in the thermal variation of

membrane thickness. At 20 mol% concentration, we see that

the variation of thickness with temperature shows a steep

decrease near Tm of the pure lipid, while at 47 mol% the

thickness of the sterol-containing membranes varies almost

linearly with temperature (Figs. 3A and B). The steep decrease

in the case of 20 mol% sterol reflects the melting of the gel

phase while, as has been discussed, there is no chain melting

transition observed for 47 mol% sterol mixtures, which are in

the pure lo phase. Likewise, the linear variation in membrane

area with temperature at 47 mol% sterol also shows that the

membrane is in the pure lo phase at this molar fraction of

cholesterol.

5. Conclusions

In examining the influence of the sterols, cholesterol,

ergosterol and lanosterol, on DMPC ULV, we find that the

sterols differ in their influence on the membrane thermal

expansion coefficient, following the same trend as observed by

Urbina et al, [30] with respect to the influence of the sterols on

acyl chain order, ergosterol>cholesterol> lanosterol. However,

we find only small differences among the sterols in their

influence on membrane thickness. We thus conclude that, while

differences in sterol architecture may play a significant role in

their modulation of membrane material properties, it is likely

that the sterol-induced changes to membrane thickness are

dominated by the overall length of the sterol relative to the

hydrophobic thickness of the membrane.

Differences observed here and elsewhere [24–31] in the

influence of cholesterol, ergosterol, and lanosterol on material

properties of membranes show the potential use of this series of

sterols to determine the importance of hydrophobic thickness

relative to other membrane properties in modulating membrane

protein function. Clearly, in the cases where membrane

thickness is the determining factor in protein function, we

can expect that cholesterol, ergosterol, and lanosterol will

perform in a similar manner in their modulation of protein

function. The observation of Urbina et al. [30] that lipid
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unsaturation also modulates the effects of the sterols on

membranes suggests that lipid unsaturation could increase the

differences among sterols in their influence on membrane

thickness. Nevertheless, our thickness measurements, taken

together with previous results on DMPC–sterol mixtures,

provide useful information over a range of conditions for such

studies in the case of DMPC model membranes.
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Small-angle neutron scattering study of the lipid bilayer thickness in

unilamellar dioleoylphosphatidylcholine vesicles prepared by the cholate

dilution method: n-decane effect, Biochim. Biophys. Acta 1611 (2003)

31–34.

[16] P.L. Yeagle, Cholesterol and the cell membrane, Biochim. Biophys. Acta

822 (1985) 267–287.

[17] P.L. Yeagle, Modulation of membrane function by cholesterol, Biochimie

73 (1991) 1303–1310.

[18] J.E. Baenziger, T.E. Darsaut, M.L. Morris, Internal dynamics of the

nicotinic acetylcholine receptor in reconstituted membranes, Biochemistry

38 (1999) 4905–4911.

[19] R.S. Cantor, Lipid composition and the lateral pressure profile in bilayers,

Biophys. J. 76 (1999) 2625–2639.

[20] K. Simons, W.L. Vaz, Model systems, lipid rafts, and cell membranes,

Annu. Rev. Biophys. Biomol. Struct. 33 (2004) 269–295.

[21] B. Lagane, G. Gaibelet, E. Meilhoc, J.M. Masson, L. Cezanne, A. Lopez,

Role of sterols in modulating the human mu-opioid receptor function in

Saccharomyces cerevisiae, J. Biol. Chem. 275 (2000) 197–200.

[22] G.H. Addona, H. Sandermann Jr., M.A. Kloczewiak, K.W. Miller, Low

chemical specificity of the nicotinic acetylcholine receptor sterol activation

site, Biochim. Biophys. Acta 1609 (2003) 177–182.

[23] A.K. Lala, H.K. Lin, K. Bloch, The effects of some alkyl derivatives of

cholesterol on the permeability properties and microviscosities of model

membranes, Bioorganic. Chem. 7 (1978) 437–445.

[24] E. Endress, S. Bayerl, K. Prechetel, C. Maier, R. Merkel, T. Bayerl, The

effect of cholesterol, lanosterol and ergosterol on lecithin bilayer

mechanical properties at molecular and microscopic dimensions: a solid-

state NMR and micropipet study, Langmuir 18 (2002) 3293–3299.

[25] J. Henriksen, A.C. Rowat, J.H. Ipsen, Vesicle fluctuation analysis of the

effects of sterols on membrane bending rigidity, Eur. Biophys. J. 33 (2004)

732–741.

[26] X. Xu, R. Bittman, G. Duportail, D. Heissler, C. Vilcheze, E. London,

Effect of the structure of natural sterols and sphingolipids on the formation

of ordered sphingolipid/sterol domains (Rafts), J. Biol. Chem. 276 (2001)

33540–33546.

[27] J.J. Wenz, F.J. Barrantes, Steroid structural requirements for stabilizing or

disrupting lipid domains, Biochemistry 42 (2003) 14267–14276.

[28] P.L. Yeagle, Lanosterol and cholesterol have different effects on

phospholipid acyl chain ordering, Biochim. Biophys. Acta 815 (1985)

33–36.

[29] L.J. Korstanje, G. van Ginkel, Y. Levine, Effects of steroid molecules on

the dynamical structure of dioleoylphosphatidylcholine and digalactosyl-

diacylclycerol bilayers, Biochim. Biophys. Acta 1022 (1990) 155–162.

[30] J.A. Urbina, S. Pekerar, H.-B. Le, J. Patterson, B. Montez, E. Oldfield,

Molecular order and dynamics of phosphatidylcholine bilayer membranes

in the presence of cholesterol, ergosterol and lanosterol: a comparative

study using 2H-, 13C- and 31P-NMR spectroscopy, Biochim. Biophys.

Acta 1238 (1995) 163–176.

[31] M.F. Hildenbrand, T.M. Bayerl, Differences in the modulation of

collective membrane motions by ergosterol, lanosterol and cholesterol: a

dynamic light scattering study, Biophys. J. 88 (2005) 3360–3367.

[32] M. Eisenkolb, C. Zenzmaier, E. Leitner, R. Schneiter, A specific structural

requirement for ergosterol in long-chain fatty acid synthesis mutants

important for maintaining raft domains in yeast, Mol. Biol. Cell 13 (2002)

4414–4428.



J. Pencer et al. / Biochimica et Biophysica Acta 1720 (2005) 84–91 91
[33] T. Boukh-Viner, T. Guo, A. Alexandrian, A. Cerracchio, C. Gregg, S.

Haile, R. Kyskan, S. Milijevic, D. Oren, J. Solomon, V. Wong, J.M.

Nicaud, R.A. Rachubinski, A.M. English, V.I. Titorenko, Dynamic

ergosterol- and ceramide-rich domains in the peroxisomal membrane

serve as an organizing platform for peroxisome fusion, J. Cell Biol. 168

(2005) 761–763.

[34] W.R. Nes, Role of sterols in membranes, Lipids 9 (1974) 596–612.

[35] K. Bloch, Blonds in Venetian Paintings, the Nine-Banded Armadillo, and

Other Essays in Biochemistry, Yale University Press, New Haven, CT,

1994.

[36] C. Bernsdorff, R. Winter, Differential properties of the sterols cholesterol,

ergosterol, b-sitosterol, trans-7-dehydrocholesterol, stigmasterol and

lanosterol on DPPC bilayer order, J. Phys. Chem., B 107 (2003)

10658–10664.

[37] M.R. Vist, J.H. Davis, Biochemistry 29 (1990) 451–464.

[38] L. Miao, M. Nielsen, J. Thewalt, J.H. Ipsen, M. Bloom, M.J. Zuckermann,

O.G. Mouritsen, From lanosterol to cholesterol: structural evolution and

differential effects on lipid bilayers, Biophys. J. 82 (2002) 1429–1444.

[39] Y.-W. Hsueh, K. Gilbert, C. Trandum, M. Zuckermann, J. Thewalt, The

effect of ergosterol on dipalmitoylphosphatidylcholine bilayers: a deute-

rium NMR and calorimetry study, Biophys. J. 88 (2005) 1799–1808.

[40] D.L. Worcester, N.P. Franks, Structural analysis of hydrated egg lecithin

and cholesterol bilayers: II. Neutron diffraction, J. Mol. Biol. 100 (1976)

359–378.

[41] T.J. McIntosh, The effect of cholesterol on the structure of phosphatidyl-

choline bilayers, Biochim. Biophys. Acta 513 (1978) 43–58.

[42] M. Rappolt, M.F. Vidal, M. Kriechbaum, M. Steinhart, H. Amenisch, S.

Bernstorff, P. Laggner, Structural, dynamic and mechanical properties of

POPC at low cholesterol concentration studied in pressure/temperature

space, Eur. Biophys. J. 31 (2003) 575–585.

[43] C.P. Tilcock, P.R. Cullis, S.M. Gruner, Calcium-induced phase separation

phenomena in multicomponent unsaturated lipid mixtures, Biochemistry

27 (1988) 1415–1420.

[44] B.A. Cunningham, L. Midmore, O. Kucuk, L.J. Lis, M.P. Westerman, W.

Bras, D.H. Wolfe, P.J. Quinn, S.B. Qadri, Sterols stabilize the ripple phase

structure in dihexadecylphosphatidylcholine, Biochim. Biophys. Acta

1233 (1995) 75–83.

[45] M.S. Webb, T.C. Irving, P.L. Steponkus, Effects of plant sterols on the

hydration and phase behavior of DOPE/DOPC mixtures, Biochim.

Biophys. Acta 1239 (1995) 226–238.

[46] H.W. Meyer, K. Semmler, P.J. Quinn, The effect of sterols on structures

formed in the gel/subgel phase state of dipalmitoylphosphatidylcholine

bilayers, Mol. Membr. Biol. 14 (1997) 187–193.

[47] M.P. Marsan, E. Bellet-Amalric, I. Muller, G. Zaccai, A. Milon, Biophys.

Chem. 75 (1998) 45–55.

[48] R. Nayar, M.J. Hope, P.R. Cullis, Generation of large unilamellar vesicles

from long-chain saturated phosphatidylcholines by extrusion techniques,

Biochim. Biophys. Acta 986 (1989) 200–206.
[49] C.J. Glinka, J.M. Rowe, J.G. Larock, The small-angle neutron scattering

spectrometer at the National Bureau of Standards, J. Appl. Crystallogr. 19

(1986) 427–439.

[50] J. Pencer, F.R. Hallett, Effects of vesicle size and shape on static and

dynamic light scattering measurements, Langmuir 19 (2003) 7488–7497.

[51] C.J. Glinka, J.G. Barker, B. Hammouda, S. Krueger, J.J. Moyer, W.J. Orts,

The 30-meter small angle neutron scattering instruments at the National

Institute of Standards and Technology, J. Appl. Crystallogr. 31 (1998)

430–441.

[52] http://www.ncnr.nist.gov/programs/sans/data/red_anal.html.

[53] N. Ku*erka, J.F. Nagle, S.E. Feller, P. Balgavý, Models to analyze small-

angle neutron scattering from unilamellar lipid vesicles, Phys. Rev., E 69

(2004) 051903.

[54] H. Schmiedel, P. Joerchel, M. Kiselev, G. Klose, Determination of

structural parameters and hydration of unilamellar POPC/C12E4 vesicles

at high water excess from neutron scattering curves using a novel method

of evaluation, J. Phys. Chem. B 105 (2001) 111–117.

[55] M.A. Kiselev, E.V. Zemlyanaya, V.K. Aswal, SANS study of unilamellar

DMPC vesicles: fluctuation model of a lipid bilayer, Crystallogr. Rep. 49

(2004) s136–s141.

[56] P. Patty, B.J. Frisken, The pressure-dependence of the size of extruded

vesicles, Biophys. J. 85 (2003) 996–1004.

[57] S. Tristram-Nagle, Y. Liu, J. Legleiter, J.F. Nagle, Structure of gel

phase DMPC determined by X-ray diffraction, Biophys. J. 83 (2002)

3324–3335.

[58] N. Ku*erka, Y. Liu, N. Chu, H.I. Petrache, S. Tristram-Nagle, J.F. Nagle,

Structure of fully hydrated fluid phase DMPC and DLPC lipid bilayers

using X-ray scattering from oriented multilamellar arrays and from

unilamellar vesicles, Biophys. J. 88 (2005) 2626–2637.

[59] D. Needham, T.J. McIntosh, E. Evans, Thermomechanical and transition

properties of dimyristoylphosphatidylcholine/cholesterol bilayers, Bio-

chemistry 27 (1988) 4668–4673.

[60] J. Thewalt, M. Bloom, Phosphatidylcholine: cholesterol phase diagrams,

Biophys. J. 63 (1992) 1176–1181.

[61] J.H. Ipsen, O.G. Mouritsen, M. Bloom, Relationships between lipid

membrane area, hydrophobic thickness and acyl chain orientational order.

The effects of cholesterol, Biophys. J. 57 (1990) 405–412.

[62] F.A. Nezil, M. Bloom, Combined influence of cholesterol and synthetic

amphiphilic peptides upon bilayer thickness in model membranes,

Biophys. J. 61 (1992) 1176–1183.
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