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Structure of Cholesterol/Lipid Ordered Domains in Monolayers and

Single Hydrated Bilayers**

Roy Ziblat, Kristian Kjaer, Leslie Leiserowitz,* and Lia Addadi*

Cell membranes are currently thought to consist of different
lipid phases and domains at the nanometer scale.!! These
domains (also known as “lipid rafts”) differ in composition,
structure, and stability and consequently in properties and
function. They selectively incorporate or exclude specific
proteins, and thereby fulfill an important function in cell
activity and signaling.””

The compositions of the different membranes in the cell
organelles differ greatly according to their function.”) Mem-
brane compositions also vary substantially among different
types of cells and among organelles within the same cell. To
date, thousands of different lipid molecules have been found
to exist in the cell membranes, often differing one from the
other only in chain length or other parameters not associated
with functional-group interaction.”! The possible advantage
of this multiplicity and redundancy may be explained at least
in part by the different interactions between the lipid chains,
which in turn regulate the composition, organization, and
functional parameters of the membrane. Understanding the
rules that govern membrane structure is thus crucial to
understanding cell biology.

Grazing-incidence X-ray diffraction (GIXD)F! can pro-
vide direct information on the organization of laterally
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periodically ordered lipid sheets. GIXD has been used for
studying the structure of two-dimensional (2D) lipid mono-
layers at the air/water interface.l”y Membranes are, however,
bilayers composed of two opposing juxtaposed monolayers,
which interact with each other at the hydrophobic side. The
structure of the bilayer may thus be conceivably different
from that of the corresponding monolayer.>¥ To guarantee
preservation of the structural integrity of a membrane bilayer
with hydrophobic interior and hydrophilic external surfaces,
wetting on both sides of the bilayer is required. However,
because of the strong X-ray background scattering contribu-
tion of liquid water, until now GIXD experiments have been
reported on lipid films that were dry at the side of the
impinging X-ray beam,’®” or on stacks of bilayers.®! Such
studies should be compared with those of individual hydrated
lipid bilayers.

This was recently made possible by working with high-
energy beams, for which the attenuation resulting from
photoelectric absorption by water is weaker, thus preserving
more of the X-ray intensity even when the sample is
immersed in water. Such a pioneering experiment was
performed recently by Miller et al., who obtained a diffrac-
tion signal from a single 1,2-dipalmitoyl-sn-glycero-3-phos-
phoethanolamine (DPPE) bilayer.”! The bilayer was directly
deposited on a silicon wafer, thus limiting the diffusion
kinetics of the molecules in contact with the wafer. The
intensity of the signal was strongly attenuated by the presence
of water, which, additionally, gave rise to strong background
scattering. Therefore, this method might not succeed in
measuring samples with a low amount of crystalline bilayer
material, as in this study.

Herein, we report the crystal structure of domains formed
in bilayers that are composed of sphingomyelin (SM) and
cholesterol (Chol), considered to be the main components of
ordered lipid domains in cells.”! Structure measurements
were derived by applying a new humidity control method,
which we introduce here. The principle is to work close to the
dew point of water and adjust the thickness of the condensed
water layer on top of the sample through controlling the
temperature differences between the sample and the humidi-
fied gas (Figure 1).

The lipid bilayer sample is placed in a humidity chamber
and covered with a thick layer of water. Evaporation is then
initiated by increasing the temperature of the sample to 20°C,
thereby reducing the relative humidity (RH) above the
bilayer to 42 % (Figure 1). The RH is then increased gradually
as the water layer thins, by cooling the sample to 6.7 °C. Under
these conditions, the RH above the sample is 95.7% and is
thereafter kept rigorously constant. Bilayers are deposited by
adapting Langmuir-Blodgett/Langmuir-Schaeffer techni-
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Figure 1. a) Experimental setup: The supported bilayer covered with a
thick layer of water is placed inside the chamber, and the water layer is
evaporated. b) GIXD is observed when the water layer is less than

1 um in thickness. c) Plot of the RH above the sample as a function of
its temperature difference from that of the surrounding gas. The gas is
kept at 6°C and RH=100%. d) The polymer-supported bilayer.

ques, and are sandwiched between two thin layers of
polyethyleneimine. The polymer serves as a water reservoir
that prevents dehydration of the sample while affording the
bilayer free diffusion, thus better reproducing natural con-
ditions." For a detailed description of sample preparation
and characterization by atomic force microscopy (AFM), see
the Supporting Information. AFM studies (data not shown)
show that in lipid bilayers that are not fully hydrated, the
bilayer structure is irreparably damaged.

Figure 2 shows the GIXD pattern obtained from SM,
Chol, and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) bilayers using the humidity chamber, and the GIXD
pattern from a monolayer of the same composition, obtained
using a liquid surface diffractometer. Since POPC is unsatu-
rated it does not phase mix with SM and Chol. It does,
however, maintain the lipid bilayer intact for longer periods.
The images in Figure 2 were derived directly from raw data
and were not processed in any way. The diffraction data are
represented as Bragg peaks I(q,,), the integral of the GIXD
pattern I(q,,,q.) over q,, and Bragg rod intensity profiles 1(q.),
the scattered intensity /(q,,,q,) integrated across the g,, range
of each Bragg peak (Figure 3). The g,, positions of the Bragg
peaks yield the lattice repeat distances d =2n/q,,, which are
indexed by Miller indices /,k to yield the unit cell dimensions.
The full width at half maximum (FWHM) of the Bragg peaks
yields the 2D crystalline coherence length L, ~0.9(2m)/
FWHM(q,,). The Bragg rod profile along ¢, similarly gives a
measure of the thickness of the crystalline film.

Figure 3 compares the Bragg peaks and rods from bilayers
composed of SM:Chol:POPC = 54:36:10 and 36:54:10 mol %,
respectively, and a monolayer with a composition ratio of
SM:Chol:POPC = 36:54:10 mol % . The monolayer shows one
broad peak at g,,=1.24 A~! with a coherence length of
2.3 nm, which belongs to a SM:Chol mixed phase.*!!l By
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Figure 2. Diffracted intensity signals from a,b) single hydrated bilayers
on Si wafers with compositions SM:Chol:POPC=36:54:10 (a) and
54:36:10 mol % (b); and c) the monolayer at the water/He interface
with composition SM:Chol:POPC=36:54:10 mol %. The images were
produced directly from the raw data and were not modified in any way.
Black represents the highest intensity.

comparison, the bilayer with the same composition shows two
crystalline phases: a broad Bragg peak located at g, =
1.35 A" with a coherence length of 1.7 nm that belongs to a
SM:Chol mixed phase, and two sharp peaks located at g,, =
1.04, 1.23 A1 that belong to a highly crystalline pure Chol
phase with a high coherence length of (40 + 10) nm. The latter
corresponds to a well-known and characterized bilayer
structure, which is the basic motif of the macroscopically
metastable phase of Chol monohydrate.'*” The Bragg rods of
these peaks, which are evidence of the bilayer motif, yield a
thickness of (35 +5) A (Figure 3b and c). The Bragg rods of
the mixed SM:Chol phase, however, show a thickness of
(1443) A, which corresponds to the major part of the alkyl
chain (Figure 3d), thus indicating that each leaflet of this
bilayer phase diffracts independently (Figure 4). Had the two
SM:Chol leaflets been arranged in crystalline registry, the
Bragg rod would have indicated a film thickness of at least
26 A. The Bragg rods also show that the bilayer sample is flat,
as seen from the similarity of their shape along g, to that of
the flat monolayer (Figure 3d). Had the bilayer been curved,
the shape of the Bragg rods would have been significantly
different.

At the ratio SM:Chol:POPC=54:36:10mol% we
observe a broad Bragg peak at g,, = 1.47 A~!with a coherence
length of 1.9 nm, which belongs to the SM:Chol mixed phase
with a corresponding Bragg rod yielding monolayer thickness,
and weak peaks located at gq,,=1.04, 1.23 A" belonging to
the pure Chol crystalline bilayer motif. The intensities of
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Figure 3. SM:Chol:POPC bilayers and monolayer measured by GIXD.
a) Bragg peaks. Top: monolayer on water (6.7°C). Middle and bottom:
bilayers with different compositions. b—d) Bragg rods: b,c) pure Chol
(11) and (20) reflections; d) SM:Chol mixed phases. Bragg peaks and
rods were fitted with Voight functions (solid lines). The spike at
9,~0.01 A" is the Vineyard peak.

these peaks are 17-fold weaker than those of the bilayer
sample of composition SM:Chol:POPC=36:54:10 mol %,
which indicates, by extrapolation, that pure Chol bilayer
crystals begin to form at a composition ratio of
SM:Chol:POPC=56:34:10mol %. As these experiments
were performed at 6.7°C, at higher temperatures the mini-
mum ratio for pure Chol bilayer formation might be higher.

In conclusion, a method has been presented to obtain
diffraction from a single and fully hydrated lipid bilayer. Its
proof of concept was demonstrated by obtaining the domain
structures of SM:Chol:POPC mixtures. The phase behavior in
the lipid bilayer differs greatly from that of the corresponding
monolayer. These findings confirm that the structures of
bilayers cannot be directly derived by studying their mono-
layers, and that each case should be studied separately. They
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Figure 4. a) SM and Chol chemical formulas. b,c) Unit cell representa-
tions of the pure Chol bilayer crystal® and the SM:Chol mixed phase
with 2:3 ratio.*! d) Representation of the monolayer SM:Chol:-
POPC=36:54:10 mol %. Red: mixed SM:Chol crystal domains. ) Rep-
resentation of a bilayer with the same composition. Two crystal
domains are formed. Green: mixed SM:Chol crystal domains; purple:
pure Chol bilayer-thick crystal. Numbers indicate measured coherence
lengths and thicknesses.

also indicate a tendency for phase separation of Chol in the
mixed lipid bilayer, to form highly crystalline bilayers by
virtue of strong interactions between the Chol exocyclic chain
moieties of opposing leaflets. The SM molecules do not phase
separate to form crystalline bilayers, perhaps because of the
different packing requirements of the head group and chains
within and between leaflets. We report the minimum
Chol:SM ratio at which pure Chol bilayers are formed,
which is not far from the reported ratios in cell plasma
membranes.”] Although the diffraction measurements were
performed at 6.7°C, there is evidence that Chol bilayer-thick
crystals may be formed in membranes at body temperature as
well.'” This suggests that such Chol bilayer crystals may form
in cells under conditions not far from physiological. These
crystals may in turn act as nucleating sites involved in
pathological phenomena such as atherosclerosis, cataract, or
gall stones.[*!

Preliminary results show that this method can also be
extended to study samples at 37°C (data not shown). The
same methodology developed here may be implemented to
study lipid domain interactions with proteins. Furthermore,
the humidity setup, although designed for bilayer studies,
should also be fit to study any 2D crystals that require
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hydration, thus making it a valuable tool for other biological
samples.
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