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ABSTRACT The growth of a cholesterol crystalline phase, three molecular layers thick at the air-water interface, was
monitored by grazing incidence x-ray diffraction and x-ray reflectivity. Upon compression, a cholesterol film transforms from
a monolayer of trigonal symmetry and low crystallinity to a trilayer, composed of a highly crystalline bilayer in a rectangular
lattice and a disordered top cholesterol layer. This system undergoes a phase transition into a crystalline trilayer incorporating
ordered water between the hydroxyl groups of the top and middle sterol layers in an arrangement akin to the triclinic 3-D
crystal structure of cholesterol - H,O. By comparison, the cholesterol derivative stigmasterol transforms, upon compression,
directly into a crystalline trilayer in the rectangular lattice. These results may contribute to an understanding of the onset of

cholesterol crystallization in pathological lipid deposits.

INTRODUCTION

Cholesterol (Scheme 1), the most abundant sterol in animal
tissues, is a component of cell membranes, plasma lipopro-
teins, and a precursor in the biosynthesis of bile salts and
hormones. Recently, evidence has accumulated that, other
than controlling the mechanica properties of cell mem-
branes, cholesterol, together with sphingolipids form orga
nized domains, lipid rafts (Brown and London, 1998; Si-
mons and |konen, 2000) that participate in distributing
proteins to the cell surface, cell signal transduction, and
activation of immune responses. Abnormally high physio-
logical levels of cholesterol may develop into detrimental
precipitants containing cholesterol crystallites that are asso-
ciated with atherosclerotic plaques (Small and Shipley,
1974; Small, 1998; Guo et a., 2000) and with gallstonesin
the bile (Bogren and Larsson, 1963). Various studies on
cholesterol crystallization in model or native bile solutions
by light and electron microscopy and synchrotron x-ray
diffraction (Konikoff et a., 2000, 1997; Kaplun et al., 1994;
Wang and Carey, 1996; Somjen et a., 1995) have provided
evidence that crystallites form through aggregation of cho-
lesterol-rich vesicles. Furthermore, an x-ray powder diffrac-
tion pattern obtained from early-formed filamentous crys-
tallites of cholesterol in bile solution has been interpreted as
possibly depicting an unknown crystalline polymorph of
cholesterol (Konikoff et al., 1992). Recently, by employing
the method of grazing incidence x-ray diffraction (Als-
Nielsen and Kjaer, 1989; Jacquemain et al., 1992; Rapaport
et al., 2000), we have shown that cholesterol crystallizes on
a water surface in monolayer and bilayer phases (Lafont et
a., 1998) that are different from the known three-dimen-
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sional (3-D) structures (Craven, 1976; Shieh et a., 1977,
Hsu and Nordman, 1983).

Here we provide evidence for cholesterol monohydrate
crystallites, three molecular layers thick, evolving from a
film containing the cholesterol monolayer and bilayer 2-D
crystalline phases. Structural models of the three phases as
well as a mechanism of the phase transition are presented.
The formation and structure of crystalline thin films of
cholesterol analogs, stigmasterol and cholesteryl acetate
(Scheme 1), are described here, but in brief. The surface
X-ray scattering studies of cholesterol acetate and stigmas-
terol and the structure determination of the macroscopic 3-D
crystal form of stigmasterol hemihydrate shall be published
separately in a future paper.

MATERIALS AND METHODS

Cholesteral, stigmasterol, and cholesterylacetate of the highest purity avail-
able were obtained from Sigma (St. Louis, MO). Lipid/chloroform solu-
tions (~0.1 mg/ml) were used to form the monolayer films at the air-water
interface for surface-pressure versus area (m-A) isotherms and x-ray dif-
fraction measurements.

A detailed description of grazing incidence x-ray diffraction (GIXD)
applied to films on liquid surfaces has been given elsewhere (Als-Nielsen
and Kjaer, 1989; Jacquemain et a., 1992; Rapaport et a., 2000). The
GIXD experiments described here were performed on the liquid surface
diffractometer at the undulator BW1 beam line at the HASY LAB synchro-
tron source, Desy (Hamburg, Germany). The films were spread at room
temperature, and diffraction measurements were performed at 5°C. A
monochromatic x-ray beam (A = 1.3037 A) was adjusted to strike the
liquid surface at an incident angle (o < 0.85c, where «. is the critical
angle for total external reflection), which maximizes surface sensitivity.
The dimensions of the footprint of the incoming x-ray beam on the liquid
surface were ~5 X 50 mm. GIXD signals were obtained from 2-D
crystallites randomly oriented about the water surface normal in the form
of a 2-D powder. The scattered intensity was collected by means of a
position-sensitive detector (PSD) which intercepts photons over the range
0.0 < g, < 0.9 A1, g, being the out-of-plane component of the scattering
vector. Measurements were performed by scanning the horizontal compo-
nent, o, ~ 4msinf,,/A, of the scattering vector, where 20, is the angle
between the incident and diffracted beam projected onto the horizontal
plane. The diffraction data are represented in two ways: 1) The GIXD
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pattern 1(q,y), obtained by integrating over the whole g, window of the
PSD, shows Bragg peaks; 2) Bragg rod intensity profiles are the scattered
intensity 1(q,) recorded in channels along the PSD but integrated across the
Gy, range of each Bragg peak. The q,, positions of the Bragg peaks yield
the lattice repeat distances d = 27/q,,, which may be indexed by the two
Miller indices h,k to yield the unit cell. The full width at half-maximum
(FWHM) of the Bragg peaks yields the lateral 2-D crystalline coherence
length L, ~ 0.9(2m)/FWHM(qyy).

For vertically homogeneous monolayers (or for thick and thus, again,
vertically homogeneous) multilayers (say, more than 10 layers), the width
of the Bragg rod profile along g, similarly gives ameasure of the thickness
of the crystalline film L, ~ 0.9(2w)/FWHM(q,). For the few-layer films
encountered in thiswork, L, thus calculated may be used in some cases
as afirst guide. Generally, the intensity at a particular value of g, in a
Bragg rod is proportiona to the square of the molecular structure factor,
|Fr(@,)[2. Thus Bragg rod intensities for the proposed models can be
calculated using the atomic coordinates in the unit cell.

To apply the SHEL X-97 computer program (Sheldrick, 1997) designed
for 3-D crystalsto refine a 2-D crystal structure of a powder, oriented with
respect to the water surface but randomly oriented around the normal to the
surface, the following procedure was adopted. The Bragg rod intensities
F2(h, k, g,) were assigned | Miller indices according to a virtual ¢ axis
(~500 A) to transform a continuous F(h, k, @) distribution along g, into
a discrete F2(h, k ,I) reflection data set corresponding to the virtual 3-D
crystal. The superposition of the F3(h, k, g,) and F?(—h, —k, q,) Bragg
rods, a property of the measured GIXD pattern because the sample on
water consists of a2-D crystalline powder, was simulated in SHEL X-97 by
imposing a twinning of the crystal about the ab plane. Given the limited
amount of observed diffraction data, refinement of the sterol structures is
possible only by applying restraints and constraints to the molecular
structure and intermolecular contacts. The CERIUS? computational pack-
age (Molecular Simulations, San Diego. CA) was used for the construction
of the molecular models.

Whereas GIXD, described above, picks up a signal from any laterally
ordered parts of the thin film, specular x-ray reflectivity (XR) results from
the electron density contrast between the air above and the subphase below.
For an ideally sharp interface between the two media, the result would be
R(q,) = R«(q,), the Fresnel law of optics. When the vertical electron
density variation, p(2), is modulated by a thin film at the interface, the
reflectivity ratio R(q,)/R=(q,) deviates from unity and can be inverted by
least-squares fitting a parameterized model p(z). A convenient model
comprises multiple slabs of thicknesses L; and (constant) densities p;
calculated from molecular vertical distances, corresponding numbers, Z;, of
electrons and the area per molecule, A. Finaly, the p(z) model is smeared
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by convolution with a Gaussian, exp(—2z%/(20?)). The reflectivity ratio
R(0,)/R=(a,) will be expressed as a function of q,/q., = Sina/sin a,, Where
o, is the critical angle for total external reflection (vide supra).

RESULTS AND DISCUSSION

Cholesterol films were formed on water and their GIXD
patterns measured at several points along the surface pres-
sure-molecular area (w-A) isotherm (Fig. 1 A, inset). At a
nominal area per molecule of A = 50 A? a broad Bragg
pesk (Fig. 1 A, curve a) with a d spacing of 5.7 A was
detected and assigned to a hexagona unit cell a = b = 6.6
A, areaabsiny = 37.7 A2, Thisrelatively broad Bragg peak,
which could not always be traced within the region of the
film scanned (5 X 50 mm? by the x-ray beam (see Mate-
rials and Methods), indicates crystalline aggregates, of av-
erage diameter L,, = 100 A, i.e., comprising ~200 mole-
cules, in coexistence with an amorphous monolayer phase.
The Bragg rod associated with this Bragg peak has a shape
and FWHM (see Materials and Methods) corresponding to
a monolayer of molecules oriented normal to the plane of
the water surface. In the liquid-crystalline state of hydrated
cholesterol (Loomis et a. 1979), which exists over the
temperature range between 124°C and 157°C, a diffuse
diffraction peak with a spacing of ~5.7 A was observed. On
the assumption that the monolayer peak of cholesterol arises
from a free-rotator phase as in amphiphilic acids and aco-
hols (Shih et a., 1992), the molecule would lie in a hexag-
onal unit cell a = b = 6.6 A, area absiny = 37.7 A2
According to molecular modeling (see Materials and Meth-
ods), such a free-rotator phase would have led to short
repulsive intermolecular contacts. An alternative model was
constructed, which consists of asupercell 8’ = b’ = \/3a =
11.4 A with acceptable intermolecular distances, containing
three molecules related by threefold symmetry in the plane
group p3 (Fig. 1 C). This molecular arrangement yields a
good agreement between the observed and calculated GIXD
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FIGURE 1 (A) GIXD patterns I(q,,) of cholesteral film on the water surface at points a-c along the =-A isotherm shown in inset. (B) The observed (X)
and calculated (——) Bragg rod I(q,) at 1(qy,) = 1.1 A~Yinscan b. (C) The proposed cholesterol monolayer structure, of trigonal symmetry p3, that yields
the calculated { 1,1} Bragg rod ( ) shown in B. The molecules are arranged in an a'b’ super cell (——) constructed from the subcell (- - -). The vaidity
of the model is also supported by the absence, in the calculated diffraction pattern of the g, region scanned by GIXD, of additional Bragg peaks with an
intensity >5% of the {1,1} Bragg peak, in agreement with the non-observation of additional peaks. (D) The observed (X) and calculated (——) Bragg rod
profiles I(q,) corresponding to the Bragg peaks in scan c. The {h, k} assignment of the Bragg peaks corresponds to a rectangular 10.1 X 7.6 A2 ab unit
cell. (E) The model bilayer structure of the 10.1 X 7.6 A2 cell, viewed along the b axis that yields the cal culated Bragg rod profiles (linesin D). The two
layers are related by 2,-symmetry parallel to the b axis. The bilayer model, which contains two crystallographically independent cholesterol molecules, was
refined by x-ray structure-factor least-squares with constraints and restraints imposed on the rigid and flexible moieties of the cholesterol molecule.

intensity patterns. The best fit to the observed Bragg rod  way, it is possible to reconcile the diffraction results of the

(Fig. 1 B) was achieved assuming the exocyclic octyl moi-  liquid-crystalline phase of cholesterol at high temperatures
ety is highly disordered (i.e., instead of applying high-  with the cholesterol monolayer phase at 5°C.
temperature factors to the disordered atoms of the exocyclic The Bragg peaks corresponding to the cholesterol bilayer

octyl moiety, which excludes the C atom bound to therigid  in the rectangular cell a = 10.07 A, b = 7.57 A, areaab =
sterol skeleton, these atoms were not included in the x-ray ~ 76.2 A?, indicating two sterol moleculesin the cell within a
structure-factor calculations). In this assembly, the mole-  layer, were observed after compressing the monolayer film
cules are able to librate about their long axes in a cooper-  beyond the collapse point to A = 16 A? (Fig. 1 A). The
ative manner resulting in a hindered-rotator phase. In this  widths of these peaks, decidedly narrower than those of the
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FIGURE 2 Observed (X) and calculated (——) x-ray reflectivity (XR) curves of cholesterol (A and B) films on water at areas per molecule A = 40 A?
(A) and 16 A? (B). These curves are presented in the form of R/R; as a function of q,/q,, (See Materials and Methods). The measured XR curve at A =
40 A?, were modeled by |east-squares assuming a steroid monolayer in the form of the depicted slab mode! divided into three parts, each with fixed height
L, (from the GIXD analysis) and electron density L;Ne/A, where Ne is the number of electronsin slab i and A the area covered by the molecule according
to the unit cell area from the GIXD analysis (€). The parameters adjusted were surface roughness (o), yielding a reasonable value of 2.5 A and the number
of electrons in the box closest to the water surface assuming a box height of 1.5 A being composed of the steroid OH group comprising 9e, and partial
water occupancy. The observed XR curves at A = 16 A2 were best fitted assuming coexistence of three phases. The three corresponding models are
depicted: atrilayer with arough upper surface comprised of three slabs, a smooth bilayer composed of five slabs, and a monolayer, each model with fixed
heights L; and electron densities L;Ne/A taken from the GIXD analysis. The only parameters adjusted were o for the rough upper surface of the trilayer
of cholesteral, yielding avalue o = 16 A that corresponds to the length of acholesterol molecule, and the relative percentage occupancies of the three model
structures 7:2:1 as shown. The surface roughness o of 16 A for the trilayer is depicted by stepped lines indicating a variation in film thickness ranging

approximately from two to four layers.

monolayer phase, yield crystalline bilayer domains of aver-
agesizel,, = 370 A, thus comprising ~5600 molecules.
The rectangular nature of the cell implies twofold (2) or
twofold screw (2,) symmetry relating the two layers; in fact,
the latter symmetry element, directed along the b axis, is
evident from the very low intensity of the (0, 1) Bragg rod
atq, = 0A~* (Fig. 1 D). A molecular model of the bilayer
(Fig. 1 E), refined using the x-ray structure-factor least-
squares program SHEL X-97 (Sheldrick, 1997) but applied
to 2-D crystals on water (see Materials and Methods), gave
areasonable fit between the observed and calculated Bragg
rod profiles (see Fig. 1 D). The tendency of cholesterol to
form a bilayer far more crystalline than the monolayer
highlights the role of the interlayer contacts between the
exocyclic octyl moieties toward enhancing molecular order.
This molecular intralayer arrangement is similar to that
found in the 3-D crystals of several long-chain esters of
cholesterol (Craven, 1986) but distinctly different from the
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monohydrate (Craven, 1976) or the anhydrous bulk phases
of cholesterol (Shieh et a., 1977; Hsu and Nordman, 1983).
We note that the two strongest reflections from the bilayer
(Fig. 1 A, curve c), the {2,0} and {1,1}, have amost the
same |lattice d-spacings (5.0 and 6.0 A) as the two observed
Bragg reflections from the x-ray powder-pattern of early-
formed filamentous crystals of cholesterol (4.9 and 5.9 A)
found in bile (Konikoff et al., 1992).

The cholesterol film thickness has been monitored also
by x-ray reflectivity (XR) measurements. According to an
analysis of the XR data at a surface area A = 40 A?, the
cholesterol moleculesform amonolayer (Fig. 2 A), in which
they are aligned upright on the water surface, in agreement
with the analysis of the GIXD data. The XR curve of the
compressed cholesterol film at A = 16 A? (Fig. 2 B) could
be fitted with an electron slab model of a film composed of
a cholesterol trilayer with a rough upper surface, a smooth
bilayer, and amonolayer, with arelative surface coverage of
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7:2:1 (Fig. 2 C). The XR and GIXD results for cholesterol
together indicate that the diffraction from the crystaline
bilayer arises from both the trilayer with the rough upper
surface and the smooth bilayer. The crystalline bilayer is
mostly, ~80%, covered by alayer of cholesterol molecules
aligned upright, but not ordered in the ab plane; the remain-
ing 20% is not covered by the amorphous cholesterol layer.

Stigmasterol (Scheme 1) on water has structural proper-
ties somewhat similar to that of cholesterol, as established
viaGIXD data. At 40 A? the monolayer also forms ordered
clusters of low crystalinity and packs via trigona plane
symmetry. In the compressed state, the stigmasterol forms
2-D crystdllites three layers thick, arranged in 2 10.2 X 7.7
A? layered structure similar to cholesterol (Fig. 1 E), but
incorporating an ordered hydration layer with three water
molecules per sterol adjoining the hydroxyl groups of two
neighboring layers related by 2,-symmetry (Fig. 3 A), ac-
cording to a constrained x-ray structure |east-squares refine-
ment of the Bragg rod data as described in the legend to Fig.
3 A. The packing of stigmasterol in the trilayer is similar to
that of its macroscopic 3-D crystalline form (Fig. 3 B) but is
a hemihydrate, as determined from a single crystal x-ray
structure study (a complete description shall be published
separately in a future paper).

The steroid headgroup type may have dramatic effect on
the crystallization. Cholesterylacetate (Scheme 1 C), as
found by GIXD, forms, already in the uncompressed state,
amonolayer incorporating a pseudo-rectangular lattice, a =
10.14 A, b = 758 A, v = 92.2°, that is more crystalline
than the trigonal monolayer phase of cholesterol, as made
manifest by relatively high Bragg peak intensities and large
crystalline coherence lengths.

The observation that the molecular arrangement of the
stigmasterol crystalline trilayer is similar to that of its 3-D
macroscopic counterpart led us to examine whether the
compressed trilayer film of cholesterol, composed of a
crystalline bilayer covered by a disordered layer, would
evolve into a trilayer crystal. In a series of three decom-
pression-compression cycles performed on the film (be-
tween A = 16 A% and 50 A?) the crystallites of the rectan-
gular phase were aways found to decompose upon film
expansion and reform in the compressed state, implying
reversible weak interactions between the crystaline layers.
Yet, the compressed film that underwent the hysteresis
cycles reveded the formation of three additional Bragg
peaks marked in Fig. 4 A, bottom scan. After two more
hours, during which the film areawas kept unchanged, these
peaks doubled in intensity (Fig. 4 A, top scan) whereas the
{1,0} and {0,1} Bragg peaks of the rectangular bilayer
phase (not shown) became weaker by ~70%.

The q,, and the g, positions of the intensity modulations
of the newly formed Bragg rods (Fig. 4, A and B) could be
assigned (h, k, 1) indices according to the 3-D crystal lattice
of the cholesterol monohydrate structure (a = 12.39, b =
1241, ¢ = 344 A, o = 919, B = 98.1, y = 100.8°)
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FIGURE 3 (A) Model of the trilayer packing arrangement of stigmas-
terol on a water surface as refined by constrained-restrained x-ray
structure-factor least-squares, making use of the GIXD measurements.
The structure viewed along a incorporates an ordered layer of water
molecules, the space between the top surface of the bilayer and the
lower surface of the overlying cholesterol layer being sufficient for the
insertion of three waters per sterol with reasonable intermolecular
distances. (B) View of a trilayer in the 3-D crystal structure of stig-
masterol hemihydrate, which packs in the unit cell of dimensions a =
95 b=76,c=369A, a =y=90° = 94.3°, space group p2,. The
water molecules in A and B are depicted by unconnected circles.

Biophysical Journal 81(5) 2729-2736



2734 Rapaport et al.

T T T T T T T 1

= e I
(2,0}, (2.1}, 12}, 22}, {22}
A 6ol {02} {12}, 2,13, ]

after 3 hr

=100 - after 1 hr

{1,1}
I{l,ll }Ib 1 " 1 1 {z,l()l}b

095 1 105 1.1 115 12 125

=g
1,[A7]
Bbmz }+{128 [ 7
'g 8 | / 2 &l &
£ s [Ux I
e 4 Ly
]
% 4 2.
g’ 5 s
0 . ) 0 N X Xkl 0 " L
00 02 04 06 08 00 02 04 06 08 00 02 04 06 08
-1
q, [A7]
bilayer on

symmetry
direction

Biophysical Journal 81(5) 2729-2736



Cholesterol Monohydrate Nucleation

(Craven, 1976). The FWHM of the two newly formed
Bragg rods {2, 2}, and {2, —2}, indicate a crystalline film
~50 A thick, corresponding to about three layers. Indeed,
Bragg rods calculated using atomic coordinates of atrilayer
segment of the monohydrate crystal structure (Fig. 4 C) fit
the observed data well (Fig. 4 B). The Bragg rod of the {2,
=1}, + {1, —2}, superimposed reflections of the newly
formed phase (Fig. 4, A and B), but which has the shape
corresponding to that of asingle layer, can be understood in
terms of the pseudo-symmetry of the trilayer structure.
Neighboring cholesterol layers in the 3-D crystal structure
of the monohydrate are related by pseudo-twofold symme-
try about the direction a-b. Each layer contains four mole-
cules within the cell, two of which are related to the other
two by pseudo-translation of 0.5a or 0.5b. Thus, in a
trilayer, the top and bottom layers contain molecules related
by the same pseudo-tranglation axis, say 0.5a, whereas in
the central layer they are related by 0.5b, or the reverse.
Consequently we envisage two trilayer structures on the
water, related by pseudo-twofold symmetry. This property
becomes particularly manifest in the {2, —1}, + {1, —2},
Bragg rod (see Fig. 4 B), which has the observed shape
corresponding to a cholesterol monolayer. A contribution to
the x-ray structure factors of the two very similar yet sym-
metry-unrelated trilayersto the {2, —1}, + {1, —2}, Bragg
rod accounts for its observed shape but for minor modula-
tions. The other reflections of the monohydrate phase, {2,
0}, +{0, 2}, and {1, 2}, + {2, 1}, superimpose on those of
the rectangular phase.

A simple mechanism by which the monohydrate trilayer
phase may develop from the rectangular bilayer phase is
depicted and described in detail in Fig. 4 D. It essentialy
involves, first, a displacement along the direction of the
diagonal *+(a + b) by haf the axial repeat +0.5(a + b) of
every second row of molecules of the rectangular bilayer
phase or, aternatively, the molecules in every second row
are to be rotated by 180° about their long axes. The second
step isaminor shift of double rows along the direction (—a
+ b). Thistransition, the barrier to which can be lowered by
the presence of lattice defects, brings about a change in the
layer structure that can be stabilized by the hydrogen bonds
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formed between the intercalated water molecules and the
sterol OH groups.

CONCLUSIONS

The GIXD studies performed on ultrathin films of choles-
terol, stigmasterol, and cholesterylacetate on water revealed
crystallites with high lateral coherence in a motif that in-
corporates a 2-D rectangular unit cell of dimensions ~10 X
7.5 A2 The cholesterol and the stigmasterol monolayers,
each of trigonal symmetry and low crystallinity, transform,
upon compression, into trilayers. Stigmasterol, upon mono-
layer collapse, forms a highly crystaline trilayer in an
arrangement similar to the macroscopic crystals of stigmas-
terol-hemihydrate obtained from solution. The compressed
cholesterol film, on the other hand, is composed of a highly
crystalline bilayer in the 10 x 7.5 A? lattice and a disor-
dered cholesterol top layer. Thisfilm then transformsinto a
crystalline trilayer phase with the structural features of the
3-D monohydrate crystal and thus has a layer of ordered
occluded water.

The crystallization process of cholesterol in the human
body occursin the presence of many other components such
as bile salts in gallstones and various lipids in arterioscle-
rotic plaques. It has been proposed that cholesterol separates
and nucleates out of supersaturated cholesterol solutions
(Small and Shipley, 1974). The possibility that cholesterol
assumes an unknown crystalline filamentous phase before
evolving into plate-like monohydrate crystals has been
raised in the study of model bile and human gall bladder bile
from cholesterol stone patients (Konikoff et al., 1992). In
accordance with these observations, GIXD studies of Lang-
muir films of some cholesterol-phospholipid mixtures
(Lafont et a., 1998) have indicated that in cholesterol:
DPPC mixtures with a ratio higher than 1:1, cholesterol
separates out of the mixture and crystallizes in the form of
the trigonal monolayer phase as described above, whereas at
aratio higher than 2:1, the cholesterol also crystallizes to
form the rectangular bilayer phase, which has similar d-
spacings as those of the filamentous cholesterol crystals

FIGURE 4 GIXD patterns of a cholesterol film on water in the compressed state (A = 16 A?), having undergone three expansion-compression cycles
between A = 16 and 50 A2 within 1 h. (A) GIXD scans 1(dy) measured 2 h after the 1-h preparation. The indices { h, K} ,,, {h, k}, and {h, k} specify the
O Positions of the Bragg peaks corresponding to the trigonal monolayer (Fig. 1), the rectangular bilayer (Fig. 2), and the triclinic monohydrate trilayer,
respectively. (B) The observed (X) and calculated (——) Bragg rod scans 1(q,) of atrilayer phase of cholesterol monohydrate. (C) Cholesterol trilayer
arrangement containing a water layer lies between the top and central layers. The H,O and sterol OH groups are denoted by red circles. (D) Model of an
intralayer cholesterol phase transition from the rectangular 10 X 7.6 A2 unit cell structure of the bilayer to the oblique 12.4 X 12.4 A2 unit cell structure
of thetrilayer, as viewed down their long molecular axes, that have similar tilt angles. Note the similarity in length of the diagonal a = b in the rectangular
phase (12.6 A) and of the a and b axes in the monohydrate phase (12.4 A). The two-layer structures are aligned so that the 2, b axis of the bilayer phase
and the pseudo 2-fold axis along a-b of the monohydrate phase are parallel, denoted by symmetry direction. Thus, any transformation in one layer of the
rectangular phase could, by symmetry, occur in an adjacent layer. For simplicity, the first step of the transition is presented as a plastic deformation of the
layer involving a shift of successive molecular rows along the diagonal —(a + b), by adistance —n(a + b)/2, for the nth row. This deformation is equivalent
to shifting every second molecular row along the diagonal by *(a + b)/2, which corresponds to the length of an individua arrow. The sterol OH groups
are colored red.
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(vide supra). We therefore may speculate that the 2-D
phases and phase transition pathways of cholesterol in ul-
trathin films as characterized here by GIXD may have
bearing on cholesterol-rich structures and nucleation pro-
cesses occurring at the onset of cholesterol crystallization in
the human body.
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