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ABSTRACT Understanding the mechanisms of action of
membrane proteins requires the elucidation of their struc-
tures to high resolution. The critical step in accomplishing
this by x-ray crystallography is the routine availability of
well-ordered three-dimensional crystals. We have devised a
novel, rational approach to meet this goal using quasisolid
lipidic cubic phases. This membrane system, consisting of
lipid, water, and protein in appropriate proportions, forms a
structured, transparent, and complex three-dimensional lip-
idic array, which is pervaded by an intercommunicating
aqueous channel system. Such matrices provide nucleation
sites (“seeding”) and support growth by lateral diffusion of
protein molecules in the membrane (“feeding”). Bacteriorho-
dopsin crystals were obtained from bicontinuous cubic
phases, but not from micellar systems, implying a critical role
of the continuity of the diffusion space (the bilayer) on crystal
growth. Hexagonal bacteriorhodopsin crystals diffracted to
3.7A resolution, with a space group P63, and unit cell dimensions
ofa=b=624c=108A; a =B =90°and y = 120°.

Membrane proteins, residing in highly insulating lipid bilayers,
catalyze vital reactions such as solute transport, charge sepa-
ration and conversion of energy, as well as signal transduction.
Understanding such fundamental vectorial processes at a
molecular level requires knowledge of the structures of these
hydrophobic proteins at high resolution, a challenge that has
met with limited success thus far. Three general methods are
currently in use: electron microscopy, NMR, and x-ray crys-
tallography. Due to the regular arrays of the proton-pumping
bacteriorhodopsin (BR) in two-dimensional crystals (purple
patches), electron microscopy and image reconstruction have
yielded the first insight into the structural grganization of a
transmembrane protein at a resolution of 7 A (1). Since then,
electron crystallography of two-dimensional crystals has de-
veloped significantly (2-5), but attaining resolutions beyond 3
A by this method remains a goal for the future (6). NMR has
been applied successfully to BR (7), yet most membrane
proteins exist in complexes exceeding in size the current
limitations of this method. As to x-ray crystallography, a mere
handful of structures of membrane proteins, belonging to only
four families (8-16), have been solved to 1.8-2.7 A, and all but
one originates from bacterial sources (the exception being a
mitochondrial protein; ref. 15). These proteins exhibit unusual
stability (17, 18) and often have a propensity to form highly
ordered two-dimensional lattices spontaneously in vivo or in
vitro (19-23).

The hydrophobic surfaces and anisotropic orientation of
membrane proteins are serious obstacles in producing well-
ordered three-dimensional crystals suitable for x-ray analysis.
The most critical element, which is unique to the crystallization
of membrane proteins, is the necessity to remove them from
their native lipid bilayers by detergent solubilization, thus
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exposing them to solution conditions that have properties
drastically different from those existing in native membranes:
indeed, most membrane proteins are vulnerable once they are
solubilized, and even slight perturbations of their structures
may lead to denaturation, aggregation, and sometimes degra-
dation by proteases. Since upon reconstitution, they often
regain stability (24), we argue that it is the release of lateral
pressure of the membrane (25) that causes lability upon
solubilization. We therefore sought to devise an approach that
would keep these proteins in a quasisolid membrane environ-
ment throughout crystallization, setting the criteria for such a
novel system as follows. (i) Its viscoelastic properties should be
comparable to those existing in biological membranes. (ii) It
should be capable of incorporating large amounts of proteins,
detergents and precipitants without perturbation of the matrix.
(iif) Membrane proteins incorporated into the system should
retain their activity and structural integrity, and these prop-
erties should be amenable to noninvasive spectroscopic tests.
(iv) The system should provide a structured yet flexible matrix
facilitating crystal nucleation and growth.

Lipid polymorphism gives rise to a complex phase behavior
(26). Among the multitude of phases, the two highly viscous
cubic phases, one micellar and one bicontinuous, appear most
promising to fulfill the requirements set out above. Both are
macroscopically stable, solid-like, and fully transparent mate-
rials, facilitating diffusion of both polar and lipidic components
(27, 28). In the former array, the lipids are packed in micelles
arranged in a cubic lattice, whereas in the bicontinuous cubic
phase, a curved bilayer, extending in three dimensions, forms
the diffusion space (Fig. 1). In both types, the lipidic com-
partments are interpenetrated by a freely communicating
system of aqueous channels. Soluble and membrane proteins,
incorporated into these matrices, have been shown to retain
enzymatic activity and native conformation (29-31), and pro-
tein insertion did not impair the rigidity and transparency of
the host materials. Neither did high concentrations of salts,
detergents and precipitating agents affect the stability of such
cubic phases (E.M.L., G. Rummel, S. W. Cowan-Jacob, and
J.P.R., unpublished data). In the present report, we describe
the batch-crystallization of the membrane protein BR from
two homologous bicontinuous cubic phases, with the pigment
of BR providing a convenient intrinsic spectral probe. Prelim-
inary x-ray diffraction data of two crystal habits are presented.

MATERIALS AND METHODS

Lipidic Components. Bicontinuous cubic phases consisted
of monoolein (1-monooleoyl-rac-glycerol, Cig.ico, or MO,
Sigma) or monopalmitolein (1-monopalmitoleyl-rac-glycerol,
Cie:1c9, or MP, Sigma) and water (buffers). Micellar type cubic
phases contained palmitoyl-lysophosphatidylcholine (Avanti

Abbreviations: BR, bacteriorhodopsin; MO, 1-monooleoyl-rac-
glycerol, Cis.ico; MP, 1-monopalmitoleyl-rac-glycerol, Cis:.1c0; OG,
B-octylglycopyranoside.
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FiG. 1. Schematic model of a bicontinuous cubic phase composed
of monoolein, water, and a membrane protein. The matrix consists of
two compartments, a membrane system with an infinite three-
dimensional periodic minimal surface (Left), interpenetrated by a
system of continuous aqueous channels (shown in black). The enlarged
section (Right) shows the curved lipid bilayer (with an inserted
membrane protein molecule) enveloping a water conduit. In a cubic
phase consisting of 60-70% (wt/wt) monoolein or monopalmitolein
and water, hydrophobic proteins diffuse laterally in the bilayer, while
water-soluble components diffuse freely through the intercommuni-
cating aqueous channel system (see text). Adapted from plate 9, ref.
27, with kind permission of Elsevier Science—NL, Sara Burgerhart-
straat 25, 1055 KV Amsterdam, The Netherlands.

Polar Lipids) and water (buffer). Intrinsic bacterial lipids were
not assayed.

BR. The protein was purified, dissociated, and delipidated
essentially as described (32). It was isolated from purple
patches of Halobacterium halobium (strain S9), kindly pro-
vided by G. Biildt (Strukturforschungszentrum, Jilich, Ger-
many). Purple membranes (20 mg) were suspended in water
and adjusted to final concentrations of 1.2% (wt/vol) B-oc-
tylglycopyranoside (OG) and 0.025 M Na/K-P;, pH 6.9. The
detergent-to-protein ratio used for solubilization was 20:1.
Following sonication (1 min, 22 kHz), the clear solution was
incubated for 24 hr in the dark. The pH was then adjusted with
0.1 N HCl to 5.5, the solution centrifuged (45 min at 200,000 X
g), and the supernatant collected. BR concentrations were
determined spectrophotometrically at 550 nm (e = 5.8 X 10*
M~ !-cm™!). Concentration to ~2 ml in an Amicon cell (PM 10)
was followed by gel filtration chromatography (BioGel A-0.5
m; diameter 1 cm, column volume 90 ml, flow rate 10 ml/hr)
in 1.2% OG and 0.025 M Na/K-P; at pH 5.5 (column buffer).
Bleached BR, eluting with the excluded volume, was discarded.
The fractions in the second peak contained native BR and
were pooled. All operations were carried out under red light
at minimal intensity. Storage was at —70°C in the dark.

Preparation of Cubic Phases and Crystallization Exper-
iments. Cubic phases were prepared by mixing lipids with
aqueous buffer containing freshly thawed monomeric BR,
salts, detergents, and precipitants (methylpentanediol), to
yield a final volume of 10-20 ul. This was followed by
centrifugation (10,000 X g) in an Eppendorf desk top
centrifuge for 150 min. Typically, bicontinuous cubic phase
preparations yielding crystals contained 60-70% (wt/wt)
lipids, either MO or MP. The components used were in the
following ranges: 2.5-4.5 mg BR/ml; 0.7-4.0 M Na/K-P;;
1.5-3.75% methylpentanediol; 0.36—-0.48% OG; final pH 5.6.
Components were added in the following sequence: (i) MO,
(ii) Na/K-P; (weighed as dry powders) to yield 3.3 M and pH
5.6, (iif) BR (stock solution 18 mg/ml in column buffer with
1.5% OG) to give a final protein concentration of 3.5 mg/ml,
and (iv) buffer containing methylpentanediol (0.05%) and
OG (1.2%). MP was used analogously: MP, BR (3.3 mg/ml),
Na/K-P; (1 M; pH 5.6), and methylpentanediol (2.5%). The
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preparations were thermostated at 20°C in the dark through-
out crystallization.

X-Ray Diffraction Experiments. Crystals were mounted
with the surrounding host cubic phase in thin glass capillaries
(typically 0.3 mm inner diameter) that were sealed in larger
capillaries (0.7 mm). Diffraction experiments were performed
in collaboration with E. Pebay-Peyroula at the European
Synchrotron Radiation Facility (Grenoble, France) on the
D2AM beamline. The wave length used was A = 1.012 A; beam
collimation was 100 wm, and the crystal-to-detector distance
was 400 mm.

RESULTS

BR-containing bicontinuous cubic phases, formed with either
monoolein or monopalmitolein, yielded preparations of ini-
tially uniformly purple color, indicating a homogeneous pro-
tein distribution. After several days, plates of hexagonal mor-
phology appeared inside the MO matrix (Fig. 2a), while the
MP system yielded rhombic crystals (Fig. 2b). In both cases, the
intensely purple colored crystals reached their mature sizes
(=0.1 X 0.1 X 0.03 mm) within 14 days. Using light micros-
copy, the morphology and size of individual immobilized
crystals could be easily monitored. Growth was uniform, with
ratios between the long and short axes remaining constant
throughout. The transparency and viscoelasticity, characteris-
tic of cubic phases, were not impaired by the growing crystals,
implying a remarkable plasticity of the matrix. Fig. 3 shows the
spectra of the initial and the final stages of this process. During
growth, the absorption intensity of BR at 550 nm decreased
gradually in the host phase, eventually approaching baseline,
while a concomitant gradual increase of the absorbance of the
crystals was observed. The absence of a peak at A = 380 nm,
corresponding to bleached BR, demonstrated that the color
change was due to protein incorporation into growing crystals
rather than to bleaching of the protein in the “mother” cubic
phase. X-ray crystallographic analysis of the hexagonal BR
crystals, grown in the MO phase at room temperature, re-
vealed diffraction to 3.7 A resolution in all dimensions (Fig.
4a). The space group is P63, with unit cell dimensions of a =
b=062A,c=108 A; a = B =90° y = 120° and an Ryn-factor

F1G. 2. Morphology of BR crystals. (¢) Hexagonal crystals grown
in a monoolein cubic phase. (b) Rhombic crystals grown in a mono-
palmitolein cubic phase. In both photographs, crystals can be seen
that, due to the depth in which they are embedded in the lipidic
materials, are out of focus.
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F1G6.3. Optical spectra of BR in a cubic phase. (¢) Initial absorption
spectrum of the uniformly colored purple cubic phase (60% MO). (ii)
Spectrum obtained by focusing the beam on a BR crystal at the final
stages of crystal growth in the cubic phase after 14 days. (iii) Spectrum
focused on the cubic phase surrounding the crystals. Spectra were
recorded in both the visible and ultraviolet range using a Zeiss
microspectrophotometer, kindly made available by J. N. Jansonius
(Basel, Switzerland).

of 15-20% at %41&, as determined from a 20° scan. Rhombic
BR crystals, grown in the MP cubic phase, were less ordered,
with a resolution limit currently at ~9 A (Fig. 4b). Extensive
crystallization attempts in micellar type cubic phases, com-
posed of palmitoyl-lysophosphatidylcholine, failed to yield
crystals under analogous conditions.

DISCUSSION

Our basic tenet of the crystallization of membrane proteins in
quasisolid lipidic cubic phases implies that such proteins
partition into the hydrophobic bilayer of a bicontinuous sys-

F1G. 4. X-ray diffraction patterns of BR crystals. (¢) Diffraction of
a hexagonal crystal grown in MO cubic phase. The circles drawn
indicate resolutions of 3.1, 4.1, 6.2, and 12.4 A, respectively, at 2w =
6.1°. The diffraction limit of the crystal is at a resolution of 3.7 A. (b)
Diffraction of a rhombic crystal grown in MP cubic phase. The
diffraction limit of this crystal is at 9 A. For details, see Materials and
Methods.
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tem, which also serves as a sink for detergent monomers.
Nucleation, which may be favored by the extremely large area
formed by the interface between lipidic and aqueous com-
partments, is followed by growth to mature crystals, with the
supply of proteins afforded by lateral diffusion in the bilayer.
The fact that BR reproducibly yields well-ordered crystals, as
is described here, demonstrates the validity and efficiency of
the approach. Our hypothesis is supported by the observation
that the crystal habits formed are critically determined by the
packing arrangement of the constituent lipids. Both cubic
systems, consisting of the homologous monoglycerides, MO
and MP, allow free lateral diffusion of their lipid components
(27), but exhibit different radii of curvature (33). BR crystal-
lizing in either of the two bicontinuous phases thus assumed
distinctly different crystal habits, hexagonal and rhombic. In
contrast to these bilayer matrices, the micellar cubic system, in
which lateral diffusion is markedly hindered (27), did not
promote BR crystal formation. Unlike membrane proteins, the
water-soluble lysozyme, expected to reside in the aqueous
channel system, crystallized independently of the cubic phase
type and packing of the lipids (E.M.L., G. Rummel, S. W.
Cowan-Jacob, and J.P.R., unpublished data). These indepen-
dent and complementary lines of evidence strongly support the
conclusion that the process of nucleation and growth of
three-dimensional BR crystals in bicontinuous cubic phases is
governed by the composition and structure of the lipidic
compartments, and that the bilayers are necessary elements for
crystallization to occur.

The hexagonal space group (P63), and the unit cell di-
mensions (a = b = 62A; ¢ = 108A) of BR crystals grown
from bicontinuous MO cubic phases (E. Pebay-Peyroula, G.
Rummel, J.P.R., and E.M.L., unpublished results) tally with
the results obtained earlier by electron crystallography (1, 34, 35)
and x-ray diffraction studies (34, 36) using two-dimensional
crystals with a space group P3, thus validating our results. The
value of the c-axis is likely to correspond to the height of two BR
molecules (34). The resolution obtained (3.7 A in all dimensions)
is comparable to that observed in the a and b directions of a
three-dimensional, detergent-grown orthorhombic crystal form
of BR (37). The resolutions observed with both BR and lysozyme
(20 A) (EM.L, G. Rummel, S. W. Cowan-Jacob, and J.P.R,,
unpublished data) suggest, moreover, that no fragments of lipid
bilayers are incorporated into the crystals, and that the bilayer
system, due to its plasticity, recedes during crystal growth.

In conclusion, the results reported here demonstrate the
potentials of lipidic cubic phases as novel matrices for obtain-
ing three-dimensional crystals of membrane proteins amena-
ble to x-ray analysis. Detailed investigations of crystallization
conditions and an in-depth understanding of the structural and
dynamic properties of these complex systems are now called for
to allow further explorations of the applicability of the method.
There is also a need to investigate the structure of cubic phases
as a function of lipid composition and protein content, using
freeze-fracture electron microscopy, small angle x-ray diffrac-
tion, and the assessment of detailed phase diagrams. We are
using fluorescent probes to monitor bilayer fluidity and lateral
diffusion of the lipid and protein components (unpublished
results). Attempts to induce specific crystal habits as a function
of designed alterations of the microenvironment will be carried
out with the two crystal forms of porin (OmpF), the structures
of which have been determined to high resolution with crystals
grown from detergent solutions (10, 38). The crucial test for
the applicability of this approach will be the extension from a
conceptual to a general method. To this end, very labile
membrane proteins, as they exist in cytoplasmic membranes of
prokaryotic and eukaryotic cells, are currently being studied.
The lactose permease from Escherichia coli (39), which thus far
has proven notoriously reluctant to yield crystals (24, 40), may
be considered as a paradigm. And while limited exposure to
solution conditions during purification is difficult to avoid
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altogether, modern, rapid purification methods, followed by
swift reconstitution into cubic phase bilayers, in which the
lateral pressure is comparable to that in native membranes,
may allow the crystallization of such labile proteins. In con-
junction with the current capacity of acquisition and processing
of x-ray data, this approach thus promises high resolution
structural studies of membrane proteins to become more
rational and more routine.

Note Added in Proof. Recently, a hexagonal BR crystal diffracted to
a resolution of 2.0 A at the European Synchrotron Radiation Facility
in Grenoble (Pebay-Peyroula, E., Rummel, G., J.P.R., and EM.L,,
unpublished data).
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