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ABSTRACT Crystalline nucleation of cholesterol at the air-water interface has been studied via grazing incidence x-ray
diffraction using synchrotron radiation. The various stages of cholesterol molecular assembly from monolayer to three bilayers
incorporating interleaving hydrogen-bonded water layers in a monoclinic cholesterol�H2O phase, has been monitored and their
structures characterized to near atomic resolution. Crystallographic evidence is presented that this multilayer phase is similar to
that of a reported metastable cholesterol phase of undetermined structure obtained from bile before transformation to the triclinic
phase of cholesterol�H2O, the thermodynamically stable macroscopic form. According to grazing incidence x-ray diffraction
measurements and crystallographic data, a transformation from the monoclinic film structure to a multilayer of the stable
monohydrate phase involves, at least initially, an intralayer cholesterol rearrangement in a single-crystal-to-single-crystal
transition. The preferred nucleation of the monoclinic phase of cholesterol�H2O followed by transformation to the stable
monohydrate phasemay be associatedwith anenergeticallymore stable cholesterol bilayer arrangement of the former and amore
favorable hydrogen-bonding arrangement of the latter. The relevance of this nucleation process of cholesterol monohydrate to
pathological crystallization of cholesterol from cell biomembranes is discussed.

INTRODUCTION

Abnormally high physiological levels of cholesterol may

precipitate into crystallites that appear in atherosclerotic

plaques (Small and Shipley, 1974; Small, 1998; Guo et al.,

2000), in gallstones (Bogren and Larsen, 1963), and cat-

aractous eye lenses (Jacob et al., 2001).

Cholesterol crystallization from cultured foam cells

(Kellner-Welbel et al., 1999) displayed various morpholo-

gies that included needles, helices, and plates, in which the

quantity of the latter increased with time. Various studies on

cholesterol crystallization in model or native bile solutions

by light, electron microscopy, and x-ray diffraction (Kaplun

et al., 1994; Somjen et al., 1995; Wang and Carey, 1996)

have provided evidence that crystallites form through

aggregation of cholesterol-rich vesicles. Konikoff, Talmon,

and co-workers, in a study of cholesterol crystallization from

bile, had detected by cryotransmission electron microscopy

(cryo-TEM) that edges of early-formed cholesterol crystals

were lined up with micelles and multilamellar vesicles

(Konikoff et al., 2000). Furthermore, Carey and co-workers

(Konikoff et al., 1992) had obtained an x-ray powder

diffraction pattern from early-formed filamentous crystallites

of cholesterol in bile solution that was interpreted as

depicting an unknown crystalline polymorph of cholesterol,

before transformation to plates of the stable monohydrate

phase. This crystallization process is similar to that described

above from cultured foam cells (Kellner-Welbel et al., 1999).

In a study aimed at monitoring the early stages of

crystallization of cholesterol at the air-water interface via

grazing incidence x-ray diffraction (GIXD) using synchrotron

radiation, we had found that cholesterol crystallizes on water

in mono- and bilayer form in phases (Lafont et al., 1998;

Rapaport et al., 2001) different from the known three-

dimensional (3D) cholesterol crystal structures. The GIXD

patterns of the cholesterol films displayed a broad Bragg peak

for the film in the uncompressed state, and several sharp

Bragg peaks upon compression of the film well beyond

monolayer collapse. The broad Bragg peak arises from

a cholesterol monolayer embodying poorly ordered two-

dimensional crystalline domains, each containing ;200

molecules in a proposed trigonal arrangement. The sharp

Bragg peaks correspond to a rectangular unit cell a¼ 10.07 Å,

b ¼ 7.57 Å, in a crystalline bilayer with an average domain

size of;5000 molecules. X-ray reflectivity measurements of

the film on water revealed a disordered cholesterol layer lying

above the crystalline bilayer. With time this triple-layered

phase underwent a partial transformation into a crystalline

trilayer with a structure akin to that of the 3D triclinic crystal

of cholesterol monohydrate (Craven, 1976).

The 103 7.5 Å2 layer motif is adopted in crystal structures

of cholesterol-type molecules in monolayer, multilayer, and

macroscopic form (Table 1 in Supplementary Material), as

well as in the 3D crystals of several steroid-type molecules

according to their unit cell dimensions (Bernal et al., 1940).

Thus, a question may be posed as to why cholesterol does not

adopt the 10 3 7.5 Å2 bilayer motif in a stable macroscopic

hydrate phase. We had not obtained a multilayer of the 103
7.5 Å2 motif from a film of pure cholesterol on the water
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surface. Nevertheless, solid solutions of cholesterol and stig-

masterol in themolar range 25:75–65:35 did yield amultilayer

structure (I. Solomonov, H. Kjaer, H. Rapaport, and L.

Leiserowitz, unpublished data). Furthermore, we belatedly

recognized that GIXD data from a compressed film of a 5:1

mixture of cholesterol/dipalmitoyl phosphatidylcholine

(DPPC), but which yielded very weak Bragg rod intensity

profiles and thus had not been included in the article by Lafont

et al. (1998), suggested the presence of a cholesterol

crystalline phase adopting the 103 7.5 Å2 motif about three

layers thick. These results provided incentive for obtaining

multilayer crystals of cholesterol adopting the 10 3 7.5 Å2

motif, particularly when making use of mixtures with

phospholipids.

Here we report first a GIXD study of a compressed film of

pure cholesterol on water, comprising crystallites of the 103
7.5 Å2 bilayer and a multilayer in high yield of the stable

triclinic monohydrate phase that incorporates a 12.4 3 12.4

Å2 bilayer motif. We next discuss two 5:1 mixtures of

cholesterol with phospholipids dimyristoyl phosphatidyl-

choline (DMPC) and DPPC on water, which formed films of

different thickness of the same crystalline phase. An x-ray

structure determination to near atomic resolution from these

mixtures revealed a cholesterol monohydrate phase in-

corporating the 10 3 7.5 Å2 bilayer motif interlinked via

ordered water to form films 2–3 bilayers thick. Evidence is

given that this multilayer phase is similar in structure to that

of the metastable filaments of cholesterol from bile (Konik-

off et al., 1992), as well as to a metastable cholesterol phase

also obtained from bile examined by cryoelectron diffraction

and lattice imaging microscopy (Weihs et al, 2005). Finally,

a structural model of the transition from the 10 3 7.5 Å2

bilayer motif to the macroscopic stable monohydrate phase is

presented.

MATERIALS AND METHODS

Cholesterol and two phospholipids, DPPC and DMPC of the highest purity

available, obtained from Sigma (St. Louis, MO). Lipid/chloroform solutions

(;0.1mg/ml)were used to form themonolayer films at the air-water interface

for surface pressure-molecular area isotherms and GIXD measurements.

A detailed description of GIXD applied to films on liquid surfaces has

been given elsewhere (Als-Nielsen and Kjaer, 1989; Kuzmenko et al., 2001).

The GIXD experiments described here were performed on the liquid sur-

face diffractometer at the undulator BW1 beam line at the HASYLAB

synchrotron source (Deutsches Elektronen-Synchrotron, Hamburg, Ger-

many). The films were spread in an open trough on the water surface in

a homogeneous manner at room temperature. The air in the closed trough

was replaced by helium to reduce x-ray background scattering. The x-ray

diffraction measurements were performed with the water subphase cooled to

5�C. A monochromatic x-ray beam (l ¼ 1.304 Å) was adjusted to strike the

liquid surface at an incident angle ai , 0.85ac, where ac is the critical angle

for total external reflection; this maximizes surface sensitivity. The GIXD

signals are obtained from thin film crystallites that are randomly oriented

about the water surface normal in the form of a two-dimensional ‘‘powder’’.

Details on GIXD as applied to the crystalline films reported here and on the

method of x-ray structure determination of the multilayer of cholesterol are

presented in the Supplementary Material.

RESULTS

Mixture of the 10 3 7.5 Å2 bilayer and the
12.4 3 12.4 Å2 multilayer phase of cholesterol

Pure cholesterol deposited on the water surface to form

a monolayer film and compressed in a continuous manner to

a nominal area of 16 Å2/molecule yielded a GIXD pattern

(Fig. 1) that arises from a mixture of the rectangular 103 7.5

Å2 bilayer phase and a multilayer of the triclinic mono-

hydrate phase that incorporates the 12.4 3 12.4 Å2 bilayer

motif (Craven, 1976). (A similar GIXD pattern was obtained

without cooling the aqueous subphase to 5�C.) The unit cell
dimensions of the rectangular (ar,br) and triclinic (at,bt)
phases determined from the qxy positions of their qz-
integrated Bragg rods (denoted hereafter as Bragg peaks)

(Fig. 1 A) and their assigned {h,k} indices, yielded ar ¼
10.14 Å, br¼ 7.54 Å, and at¼ bt¼ 12.38 Å, gt¼ 100.8�, the
latter set is very close to the reported values of the 3D crystal

of the triclinic monohydrate form. The full width at half

FIGURE 1 GIXD pattern of compressed film of pure cholesterol on water.

(A) Bragg peak profiles I(qxy). (B) Corresponding Bragg rod profiles I(qz).

Reflection indices {h,k}r refer to the cholesterol bilayer in the rectangular

103 7.5 Å2 unit cell; {h,k}t refer to the multilayer of the cholesterol triclinic

monohydrate phase in the 12.43 12.4 Å2 unit cell. The calculated positions

along qz of the individual intensity maxima of the {h,k,l}t reflections, namely

(h,k,l)t and (�h,�k,l)t, for the {2,2}t and {2,�2}t Bragg rods, are specified

(squares and triangles). These positions are based on the known unit cell of

the triclinic monohydrate phase (Craven, 1976). The curly brackets of the

Bragg rod {h,k} represent the overlapping Bragg rods (h,k,1qz) and

(�h,�k,1qz), and in the case of rectangular a,b lattice the additional pair

(h,�k,1qz) and (�h,k,1qz).
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maximum (FWHM) along qz of the intensity maxima of the

{0,1}r, {2,0}r, and {2,1}r Bragg rods (Fig. 1 B) of the 10 3
7.5 Å2 unit cell, yield a film thickness (0.93 2p/FWHM) of

;30 Å, corresponding to a cholesterol bilayer as determined

in an earlier GIXD study (Rapaport et al., 2001). The

positions along qz of the intensity maxima of the {2,�2}t and

{2,2}t Bragg rods (Fig. 1 B) fit those calculated for the

{2,�2,l} and {2,2,l} reflections of the macroscopic triclinic

monohydrate phase. The FWHM of these intensity maxima

yield a film thickness of 94 Å. This crystalline multilayer

does not have a structure exactly identical to the macroscopic

3D form of cholesterol monohydrate (Craven, 1976) because

the GIXD pattern (Fig. 1 A) exhibits weak {1,3}t and {3,1}t
Bragg rods, whereas the corresponding {1,3,l} and {3,1,l}
reflections in the 3D crystal are unobserved.

The Bragg peaks at qxy ¼ 1.04 Å�1 and 1.24 Å�1 (Fig. 1

A) each arise from a mixture of both phases. These Bragg

peaks appear to be singlets suggesting a precise structural

relationship between the two phases. Fig. 2 shows that the

pertinent reciprocal vectors of the two phases are not parallel

to each other.

Unit cell constants of a crystalline monoclinic
phase of cholesterol in multilayer form

A 5:1 cholesterol/DPPC mixture deposited on the water

surface to form a monolayer film and compressed in

a continuous manner to surface pressure of 42 mN/M,

corresponding to a nominal area of 11 Å2/molecule, yielded

a set of Bragg {h,k} peaks (Fig. 3 A) characteristic of the

cholesterol bilayer motif in the rectangular 10 3 7.5 Å2 unit

cell. A measure of the thickness of the crystalline film of 86 Å

was gleaned from the average FWHM along qz of the Bragg
rod intensitymaxima (Fig. 3B) of 0.066 Å�1. This latter value

is about three times smaller than the FWHM (0.19 Å�1) of

the Bragg rod intensity maxima of the cholesterol bilayer

film (Rapaport et al., 2001) whose thickness of 30 Å was

independently determined by x-ray structure refinement. This

comparison suggests that the cholesterol crystalline film is

three bilayers thick. This ordered stack of three bilayers is

consistent with the large number of regularly spaced intensity

maxima along qz of the Bragg rods (Fig. 3 B).
It proved possible to assign {h,k,l} indices to all the

intensity maxima along qz in Fig. 3 B, consistent with

treating the Bragg rods as arising from a 3D crystal of

monoclinic symmetry with unit cell dimensions a¼ 10.15(2)

Å, b ¼ 7.57(2) Å, c ¼ 68.2(3) Å, b ¼ 94.8(5)�, determined

by a least-squares procedure (Table 2 in Supplementary

Material). The calculated positions along qz of the {h,k,l}
Bragg reflections are indicated in Fig. 3 B. The h,k,l indices
of all the observed reflections obey the general condition

k1 l¼ 2n, implying a monoclinic A-centered unit cell. Such
a cell may embody either of the space groups Am, Aa, A2/m,
A2/a, or A2. Only A2 (the abbreviated version of A121) is
allowed because naturally occurring cholesterol is a chiral

molecule of one-handedness. Moreover, the a glide, as in Aa
or A2/a, imposes the condition that h0l reflections must be

absent for h odd, which is not satisfied because the 10l Bragg
rod is present (Fig. 3). Thus, even pseudo-a-glide symmetry

is precluded. Space group A2 incorporates rows of 2- and 21-
axes parallel to b, alternating along the c axis, which is

consistent with the symmetry of cholesterol bilayers in the

crystal structures listed in Table 1 (Supplementary Material),

which are formed via 2- or 21-symmetry, primarily the latter.

The monolayer film of the 5:1 cholesterol/DMPC mixture

compressed to a surface pressure of 47 mN/M, correspond-

ing to a calculated nominal area of 11 Å2/molecule, yielded

a GIXD pattern (vide infra) similar to that obtained from the

DPPC mixture, but with fewer and less well-resolved Bragg

rod intensity maxima. Thus, we focused on the Bragg rods

from the 5:1 cholesterol/DPPC mixture for structure

elucidation of the multilayer crystal.

Crystal structure determination of the cholesterol
monoclinic phase in multilayer form

The integrated intensities of the Bragg rod {h,k,l} intensity

maxima were treated for structure determination as regular

reflections arising from a 3D crystal. The Bragg rod data (Fig.

3 B) yielded 48 reflections of which 11 incorporate pro-

nounced overlap between (2,k,l) and (�2,k,l1 2) reflections.

The crystal structurewas determined to near atomic resolution

via a constrained least-squares x-ray structure-factor re-

finement using SHELX software (Sheldrick, 1997).

For construction of a starting molecular model we

considered the 3D crystal structures of cholesteryl myristate

(Craven and de Titta, 1976), cholesteryl bromoheptadeca-

noate (Abrahamsson and Dahlen, 1977), and the cholesterol

bilayer phase on water (Rapaport et al., 2001), all of which

FIGURE 2 Geometric relationship between particular reciprocal lattice

vectors and unit cell axes of cholesterol in: (A, B) the rectangular 10 3 7.5

Å2 bilayer crystal; (C, D) the triclinic 12.4 3 12.4 Å2 bilayer form of the

multilayer crystal.
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incorporate the 10 3 7.5 Å2 bilayer motif. We did not

include the anhydrous crystalline form of cholesterol; even

though its unit cell dimensions (Table 1 in Supplementary

Material) appear to correspond to a supercell of the 103 7.5

Å2 motif, its layer arrangement is different. Furthermore, the

surface of the bilayer of anhydrous cholesterol is highly

corrugated and thus the lattice energy of such a bilayer is less

stable than that of the flat bilayer and would be unfavorable

on a flat water surface. The three structures considered have

similar unit cell areas per molecule in the ab plane of 39.0 Å2,

39.5 Å2, and 38.1 Å2, with a corresponding bilayer

thickness, defined as the distance between the hydroxyl O

atoms at opposite sides of the bilayer of 32.9 Å, 32.8 Å, and

29.5 Å1, respectively. The cholesterol bilayer on water

obviously has too low a thickness, in all probability a result

of incomplete x-ray structure refinement and was thus

excluded. In view of the similar intralayer motifs of the other

two cholesteryl derivates, the layer structure of cholesteryl

myristate was chosen as our starting model.

There were essentially two distinct structural unknowns:

the offset in the x-direction between the neighboring

cholesterol layers forming the bilayer and the symmetry

thereof, because the bilayer may be generated via twofold or

twofold screw symmetry. The offset was determined by

a stepwise variation of the layer structure along x so as to

obtain the best fit between observed and calculated x-ray

structure factors for the {1,0,l} and {2,0,l} reflections. Next,
we determined the symmetry element relating neighboring

bilayers, by employing the four models (1–4) shown

schematically in Fig. 9 (Supplementary Material). A

meaningful x-ray structure-factor refinement of each model

is possible only if constraints are imposed on the cholesterol

molecular structure in view of the limited number (48) of

‘‘observed reflections’’. Thus the four models were refined

by x-ray structure-factor computations allowing the two

molecules in the crystal asymmetric unit (Fig. 9, A and B,
in Supplementary Material) to move as independent rigid

bodies. This constraint resulted in a total of 12 parameters to

yield reliability factors R, on the basis of which models 2 and

4 could be discarded.

The next stage involved determination of the water

structure in models 1 and 3. The space of ;2 Å between

neighboring cholesterol bilayers in the two models is

appropriate for insertion of an interleaving monohydrate

FIGURE 3 GIXD pattern of a compressed film of

the 5:1 cholesterol/DPPC mixture on water. (A) The

Bragg peak profiles I(qxy). (B) The intensity profiles

I(qz) of the corresponding Bragg rods. The calculated

positions along qz of the intensity maxima of the {h,k}
Bragg rods assuming they correspond to {h,k,l}

reflections of the monoclinic A2 unit cell are marked

by triangles and squares. There is pronounced overlap

between the 2,k,l and �2,k,l 1 2 reflections (denoted

by triangles and squares, respectively) along the {2,1}

and {2,0} Bragg rods. The method of deriving the qz
values is described in Supplementary Material.
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water layer because the corresponding value in the 3D crystal

structure of the cholesterol monohydrate triclinic phase

(Craven, 1976) is 1.5 Å. In models 1 and 3, the cholesterol

layers sandwiching the proposed interleaving water layer are

related by twofold screw (21) and twofold (2) symmetry,

respectively (Fig. 9, A and C, in Supplementary Material). A

reasonable hydrogen-bonding arrangement involving the

sterol hydroxyl groups and water molecules as a monohy-

drate phase could only be constructed for model 1. We were

not able for model 3 to generate a favorable hydrogen-

bonding bilayer arrangement, formed via twofold symmetry

along the b axis, and that incorporated the positions of

refined sterol O atoms and inserted water molecules. Further

refinement of model 1, keeping the water oxygen atoms fixed

in their inserted positions, yielded an R-factor, SkFobsj2 �
jFcalcj2j=SjFobsj2; of 13.5%. The observed and calculated

jF(h,k,l)j2 values are shown in Fig. 4 and the molecular

packing arrangement and hydrogen-bond motif in Fig. 5.

The refined x, y, z coordinates of model 1 are listed in Table

4, Supplementary Material.

Monitoring the initial growth of the monoclinic
cholesterol�H2O phase by GIXD

Monitoring the growth from inception of a molecular crystal

layer-by-layer via x-ray (or neutron) diffraction has been

a challenge in the study of crystal nucleation. Here we

demonstrate the feasibility of such an approach, but in-

directly, by aGIXD ‘‘snapshot’’ technique involving themea-

surement of Bragg rods of different cholesterol crystalline

films, containing approximately one, two, and three 103 7.5

Å2 bilayers, respectively. The Bragg rod data from the

crystalline 103 7.5 Å2 bilayer of cholesterol (Rapaport et al.,

2001) are displayed in Fig. 6 A. The corresponding Bragg

rods of the compressed film of the 5:1 cholesterol/DPMC

mixture (Fig. 6 B) is indicative of a cholesterol crystalline

film ;55-Å thick according to the average FWHM of the

Bragg rod intensity maxima, and thus contains almost two

bilayers. As discussed above, the FWHM of the intensity

maxima along the Bragg rods from the 5:1 cholesterol/DPPC

mixture (Fig. 6 C), corresponds to a monoclinic crystalline

cholesterol monohydrate phase about three bilayers thick.

DISCUSSION

The monoclinic and triclinic phases of
cholesterol�H2O in multilayer form

Highly compressed pure cholesterol on water yielded a triple

bilayer, incorporating the 12.4 3 12.4 Å2 bilayer motif,

corresponding to the thermodynamically stable triclinic cho-

lesterol�H2O phase, as well as a bilayer of the 10 3 7.5 Å2

motif, whereas a less-compressed film of pure cholesterol

had yielded only one bilayer of the 10 3 7.5 Å2 motif

(Rapaport et al., 2001). The highly compressed films of

cholesterol in 5:1 mixtures with DMPC or DPPC form

cholesterol crystalline films containing about two and three

10 3 7.5 Å2 bilayers, respectively. The even number of

bilayers formed in all cases suggest that the crystal nuclei

tend to increase in thickness in bilayer form, consistent with

growth experiments on macroscopic-size crystals of choles-

terol�H2O monitored by atomic and chemical force micros-

copy (Abendan and Swift, 2002). This tendency is probably

driven by the interlayer contacts involving the exocyclic

groups that are disordered in crystalline cholesterol mono-

layers on water (Rapaport et al., 2001).

The structure of the crystalline cholesterol�H2O film about

three bilayers thick, obtained from the cholesterol/DPPC

mixture, was determined to near atomic resolution. This

structure (Fig. 5), of space group symmetry A2, comprises

the 10 3 7.5 Å2 cholesterol layers that form, via twofold

symmetry, bilayers involving contact between flexible

exocyclic moieties. Neighboring cholesterol bilayers, which

are related by twofold screw symmetry, are interlinked by

O-H� � �O hydrogen bonds involving the sterol OH groups and

an ordered water layer (Fig. 5 C) to generate the multilayer

film.

The molecular packing arrangements in the crystalline

films of cholesterol containing the two and three 103 7.5 Å2

cholesterol bilayers are the same in view of their very similar

Bragg rods (Fig. 6, B and C), which indicates the presence of
an interleaving ordered water layer already on formation of

the second bilayer. In a similar way, ordered water layers

interleave cholesterol bilayers adopting the 12.4 3 12.4 Å2

motif in the triple-bilayer structure of cholesterol�H2O,

which is akin to that of the thermodynamically stable triclinic

cholesterol�H2O phase.

The preponderance of the 10 3 7.5 Å2 bilayer in the

crystal structures of various cholesterol-type molecules

FIGURE 4 The observed (soild bars) and calculated (open bars) values of

the x-ray structure factors jF(h,k,l)j2, the latter based on the structural model

of the monoclinic A2 phase of cholesterol monohydrate. The jF(h,k,l)j2
values are displayed as a function of increasing q(h,k,l), equally separated for

clarity of presentation. The bars marked with an asterisk, represent reflection

pairs of the type (2,k,l) and (�2,k,l1 2), which are heavily overlapped in the

GIXD pattern (see Fig. 3 B) and thus are shown superimposed. The observed

and calculated jF(h,k,l)j2 are listed in Supplementary Material.
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(Table 1 in Supplementary Material) indicates that this motif

is preferred over the 12.4 3 12.4 Å2 bilayer arrangement

found in the triclinic cholesterol�H2O phase. This observa-

tion is not inconsistent with their intralayer arrangements; the

axially oriented methyl groups that emerge from the steroid

plane appear to mesh more favorably in the 10 3 7.5 Å2

motif (Fig. 7, top left) than in the 12.43 12.4 Å2 motif (Fig.

7, top right). These observations imply that the hydrogen-

bonding arrangement in the triclinic (12.4 3 12.4 Å2) form

must be the more stable, as appears to be the case: in the

triclinic phase each oxygen atom participates in three

hydrogen bonds in an extended network (Fig. 10 in Sup-

plementary Material), whereas in the monoclinic phase half

of the number of oxygen atoms participate in three hydrogen

bonds and the remaining half form two hydrogen bonds,

generating a ribbon network (Fig. 5 C).

FIGURE 5 (A, B) Packing arrangement of

the multilayer monoclinic A2 phase of choles-

terol monohydrate depicting a ‘‘complete unit

cell’’, as viewed along the a and b axes. The

2- and 21-axes are depicted in panel B. (C)

Hydrogen-bonding arrangement at z ¼ 0.25

viewed along a direction perpendicular to the

a,b plane. The sterol and the water O atoms are

colored gray and striped gray, respectively.

Note that the hydrogen bond between the sterol

O atoms of neighboring layers has a reasonable

O� � �O distance of 2.9 Å that was not imposed in

the x-ray structure refinement.

FIGURE 6 Bragg rods of three different compressed films on water of:

(A) pure cholesterol, (B, C) 5:1 mixtures of cholesterol with phospholipids

DMPC and DPPC, respectively. The relative intensities of the three films is

not a measure of relative crystallinity, but rather reflects different measuring

conditions. The single bilayer was obtained by compressing, but not

continuously, a pure cholesterol film to a nominal area of 17 Å2/molecule

(Rapaport et al., 2001). The double and triple cholesterol bilayers were

obtained by compressing, in a continuous manner, the film to a nominal area

of ;11 Å2/molecule.

FIGURE 7 Model of an intralayer cholesterol transition from the

rectangular 10 3 7.6 Å2 bilayer motif to the 12.4 3 12.4 Å2 bilayer in

the triclinic monohydrate phase. Both layer structures are viewed down their

long molecular axes. The first step of the transition involves a 180� rotation
about their long axes of all molecules in alternating rows parallel to the

direction a 1 b, labeled 1 and 3. The second step involves a shift between

molecular rows in the direction �a1 b. The axially oriented methyl groups

(CH3), which superimpose, are indicated.
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Similarity between the cholesterol monoclinic
phase and the metastable phase from bile

The following evidence indicates that the monoclinic

multilayer phase and the metastable filamentous phase of

cholesterol (Konikoff et al., 1992) are similar. Their long

lattice spacings, 34.0(1) and 34.1(1) Å, respectively, are equal

in length. The calculated density of 1.029(5) g/mL of the

multilayer phase, assuming themonohydrate structure, is very

close to the measured density of the filamentous crystals

(1.032 g/mL). The powder x-ray diffraction pattern of the

filamentous phase (Fig. 8 A) in the range given, displays only
two prominent Bragg peaks with d-spacings of 5.9 and 4.9 Å.
These two reflections match well, both in d-spacing and

relative intensity, the {111} (d¼ 6.0 Å) and {202} (d¼ 4.9 Å)

peaks of the multilayer phase (Fig. 8 B). The latter, however,
displays two additional strong reflections (115) (d ¼ 5.4 Å)

and (206) (d ¼ 4.5 Å), respectively. Their absence in the

powder pattern of the filamentous crystals may be rationalized

by assuming the presence of interbilayer defects involving the

water layer or that the bow-like shape of the filaments was

sufficient to diminish intensities of the (h,k,l) reflections with
higher l indices. It is noteworthy that the cholesterolmultilayers

on water were not bent, for such behavior would have incurred

skewed Bragg rods (Kuzmenko et al., 2001).

The monoclinic phase of cholesterol�H2O appears to be

also very similar to that of lathe-like cholesterol crystals

obtained from bile, studied by cryo-TEM images and

cryoelectron diffraction patterns (Weihs et al., 2005). One

cryoelectron diffraction pattern, which corresponds to

a transient crystal form that lasted for several days, may be

indexed according to the monoclinic cholesterol mono-

hydrate phase to yield nonsatellite reflections of the type

{h,k,l¼ h} obeying the condition k1 l¼ 2nwith overallmm
symmetry and belonging to a 10 3 7.5 Å2 unit cell. The

pattern exhibits strong reflections {202} and {111} akin to

those of the multilayer form of monoclinic cholesterol�H2O.

Transition from the monoclinic to the triclinic
phase of cholesterol�H2O

The similarity in geometry as well as relative orientation of

a subset of diffraction vectors belonging to the 10 3 7.5 Å2

bilayer structure and the multilayer of the 12.4 3 12.4 Å2

monohydrate phase (Fig. 2, A and C), lends credence to

the model that a transformation from the monoclinic (10 3
7.5 Å2) phase to the triclinic (12.4 3 12.4 Å2) phase would

involve a single-crystal-to-single-crystal molecular rear-

rangement.

Assuming this transition, the symmetry b axis of the 103
7.5 Å2 bilayer phase would be converted into the pseudo-

rotation axis along the diagonal a � b of the 12.4 3 12.4 Å2

bilayer phase (cf. Fig. 2, B andD). It is also noteworthy that in
both bilayer structures the long axes of the cholesterol

molecules are tilted from the layer normal by an angle of

;19�, in a plane perpendicular to the crystal (pseudo)

symmetry axis. Thus, any transformation in one layer of the

initial phase could, by symmetry, occur in an equivalent

manner in an adjacent layer with the orientation of the long

molecular axes left essentially unchanged. Another feature

common to both structures lies in the similarity in length of the

diagonals a 6 b in the monoclinic phase (12.6 Å) and of the

a and b axes in the triclinic phase (12.4 Å) (see Fig. 2, B and

D). However, the precursor of the triclinic unit cell (Fig. 2 B,
dashed lines) would undergo an angular distortion on

transformation to the triclinic phase (Fig. 2 D), suggesting
that the proposed transition from a macroscopic-sized crystal

would occur only in the early stages. Amodel of the proposed

intralayer cholesterol phase transition is depicted in Fig. 7.

FIGURE 8 (A) Measured x-ray powder diffrac-

tion pattern of the filamentous phase of cholesterol

from bile (Konikoff et al., 1992). The range in q of

0.91–1.43 Å�1 corresponds to d (¼ 2p/q) spacings

of 6.9–4.4 Å. (B) Simulated x-ray powder diffrac-

tion pattern of the monoclinic cholesterol�H2O

phase showing the strongest measured jF(h,k,l)j2
values from the GIXD pattern (open bars) within

a q range of 1.00–1.42 Å�1 as well as several

calculated jF(0,0,l)j2 values (solid bars) as derived
from the crystal structure. These jF(0,0,l)j2 reflec-
tions were not measured for technical reasons. Fig.

8 reproduced with permission from the Journal of

Clinical Investigation.

Crystal Nucleation of Cholesterol�H2O 1815

Biophysical Journal 88(3) 1809–1817



This model, which requires a 180� rotation of half the number

of molecules, is supported by an in situ observation, via

polarization microscopy and Raman spectroscopy, of an

epitaxial polymorphic transformation of a norethindrone

analog, in which half the number of molecules would have to

undergo a pronounced rotation (Boerrigter et al., 2002).

The interplay between intra- and interbilayer crystalline

stability in determining the order of appearance of the two

monohydrate forms of cholesterol, particularly as made

manifest in the crystallization of cholesterol from bile, is

supported by the crystalline dimorphic behavior of alkane

C24H50 and of p-CH3O-C6H4-CH¼CH-CO2H. In these

systems, the less stable dimorph crystallizes, provided the

nucleation starts layer by layer, because the intralayer ar-

rangement of the less stable phase is the more energetically

favorable (Weissbuch et al., 2003).

Model of the crystal nucleation process of
cholesterol�H2O from a biomembrane

It has been reported that the site of nucleation in ath-

erosclerotic plaques may occur within the biomembrane

(Kellner-Welbel et al., 1999). Cholesterol in a biomembrane

would require a concentration large enough to phase separate

into domains with an interlayer overlap sufficient to generate

the crystalline 10 3 7.5 Å2 bilayer. We may preclude

nucleation of a bilayer with a structure akin to that of the

anhydrous form of cholesterol (Shieh et al., 1977) because it

would be highly corrugated and thus have a lattice energy

less favorable than that of the 10 3 7.5 Å2 bilayer motif,

which has relatively flat surfaces. A cholesterol crystalline

bilayer embedded in a model phospholipid-cholesterol bi-

layer membrane, the formation of which would depend on

the cholesterol concentration and cholesterol-phospholipid

interactions (McConnell and Radhakrishnan, 2003), has yet

to be reported. Work along these lines is under way.

Concluding remarks

The study of crystal nucleation of cholesterol at the air-water

interface by a grazing incidence x-ray diffraction ‘‘snapshot’’

technique not only has revealed information on pathological

crystallization of cholesterol, it has also yielded insight into

the general process of crystal nucleation.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting

BJ Online at http://www.biophysj.org.
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