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Abstract A comprehensive understanding of structure-function
relationships of proteins requires their structures to be elucidated
to high resolution. With most membrane proteins this has not
been accomplished so far, mainly because of their notoriously
poor crystallizability. Here we present a completely detergent-
free procedure for the incorporation of a native purple membrane
into a monoolein-based lipidic cubic phase, and subsequent
crystallization of three-dimensional bacteriorhodopsin crystals
therein. These crystals exhibit comparable X-ray diffraction
quality and mosaicity, and identical crystal habit and space
group to those of bacteriorhodopsin crystals that are grown from
detergent-solubilized protein in cubic phase.
z 1999 Federation of European Biochemical Societies.
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1. Introduction

Membrane proteins participate in all the interactions be-
tween the cell and its surroundings, performing such vital
activities as solute transport, charge separation, conversion
of energy and signal transduction. It is predicted that over a
third of the approximately 6000 proteins of Saccharomyces
cerevisiae are integral membrane proteins [1], and it is gener-
ally accepted that knowledge of their structures at high reso-
lution is a prerequisite for the comprehensive understanding
of their functions. However, fewer than 20 structures of mem-
brane proteins have been elucidated at atomic resolution to
date, in contradistinction to soluble proteins, of which thou-
sands of high resolution structures are available. This discrep-
ancy is due to three major di¤culties : ¢rstly, puri¢cation of
fully functional membrane proteins from low-abundant natu-
ral sources [2]; secondly, overproduction of su¤cient amounts
in order to provide samples for NMR, electron crystallogra-
phy, X-ray or neutron di¡raction [3]; and thirdly, the notori-
ously weak tendency of membrane proteins to crystallize [4].
Because the most widely used methodology in structural biol-
ogy, X-ray crystallography, requires well-di¡racting crystals,
the latter presents the most important obstacle in the ¢eld.

These di¤culties are all rooted in the special surface proper-
ties of transmembrane proteins, which possess both a hydro-
phobic core embedded in the non-polar bilayer region, and
two polar surfaces that are solvated by water molecules and
ions.

The £uid mosaic model [5] has been a successful represen-
tation of biological membranes since its introduction in the
early 1970s, explaining their peculiar architecture and the ex-
treme stability of integral membrane proteins therein. This
notwithstanding, the conventional approach to functional
and structural studies of membrane proteins by biochemical
and biophysical methods, including crystallization, generally
includes the replacement of the native lipid environment by
synthetic detergents [6], which are not components of biolog-
ical membranes. This solubilization procedure yields deter-
gent/protein co-micelles and renders membrane proteins
water-soluble, which may thus be treated analogously to solu-
ble proteins [7]. Indeed, the ¢rst reported 3D crystallizations
of membrane proteins ^ those of bacteriorhodopsin [8] and
porin [9] ^ were obtained from aqueous detergent solutions.
Recently, perhaps due to the rather limited success of this
conventional approach, two novel concepts were introduced,
both yielding crystals which di¡ract to high resolution. In the
¢rst, an Fv fragment of a conformation-speci¢c monoclonal
antibody, which binds to a discontinuous epitope at the peri-
plasmic side of bacterial cytochrome c oxidase, was used in
the co-crystallization with the enzyme [10]. The second con-
cept [11,12] introduced bicontinuous lipidic cubic phases as a
matrices for the crystallization of bacteriorhodopsin, a seven
K-helical photon-driven proton pump residing in the purple
membrane of Halobacterium salinarum [13,14]. This matrix,
consisting of lipid, protein and aqueous solution in appropri-
ate proportions, forms a transparent, non-birefringent and
highly viscous material [12,15]. Bacteriorhodopsin molecules,
once incorporated into this lipidic array, di¡use, nucleate and
eventually yield well-ordered three-dimensional crystals [16].
Both concepts, however, still rely on the initial treatment of
the native membrane with detergents, a procedure that re-
quires the screening of many di¡erent detergent types and
that frequently con£icts with maintaining protein stability
for the period needed for crystallization [6].

We have thus set out to test the feasibility of obtaining well-
ordered crystals excluding the use of detergents. Purple mem-
brane, consisting of bacteriorhodopsin and a unique class of
lipids [17], can be readily isolated from H. salinarum without
the use of detergent [18]. We reasoned that by direct incorpo-
ration of the purple membrane into the lipidic matrix, we
might be able to omit the solubilization in detergent micelles
altogether, a procedure always associated with crystallization
of membrane proteins, but often also with their denaturation
[6].
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2. Materials and methods

Purple membranes isolated from H. salinarum strain S9 were a gift
from Dr. Georg Bu«ldt, Ju« lich, Germany, and were used without fur-
ther treatment. Cubic phases were prepared by mixing monoolein (1-

monooleoyl-rac-glycerol from Sigma or Nu-Check-Prep) with an
aqueous suspension of the purple membrane to yield a 60% (w/w)
monoolein lipidic matrix, analogous to the procedure described earlier
[11,12]. The ¢nal concentration in the cubic phase was 3.5 mg bacter-
iorhodopsin/ml. Crystallization was induced by the addition of solid
Na/K-phosphate to the preformed cubic phase to yield a ¢nal con-

Fig. 1. A: Photograph of hexagonal micro-crystals of bacteriorhodopsin grown from purple membrane patches of H. salinarum in a 60% (w/w)
monoolein lipidic matrix. B: Di¡raction image of a micro-crystal of bacteriorhodopsin obtained on beam line ID14-EH3 at the ESRF, Greno-
ble, France. Di¡raction spots range up to 2.8 Aî . The marked ring at 4.5 Aî stems from the interchain distance in the lipidic matrix in which
the crystal is embedded.
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centration of ca. 0.2^0.3 mg Na/K-phosphate/mg cubic phase, fol-
lowed by a short centrifugation in a desk-top centrifuge at 20³C.
Thereafter, the crystallization setups were stored in the dark at
20³C and 12³C, respectively. Crystals of bacteriorhodopsin were £ash
frozen in liquid nitrogen and maintained at 100 K during data col-
lection. Di¡raction experiments were performed on beam line ID14-
EH3 at the ESRF [19], Grenoble, France. The bacteriorhodopsin
crystal was rotated over 60³ in steps of 1³. Data were integrated to
3.5 Aî using the program MOSFLM (version 6.00) by A.G.W. Leslie,
with new auto-indexing using Fourier analysis [20]. Further scaling
was carried out with the CCP4 suite [21].

3. Results and discussion

The three-dimensional crystallization of bacteriorhodopsin
in the absence of detergent was carried out in the simplest
possible way: detergent-free isolated purple patches were
mixed with 1-monooleoyl-rac-glycerol, forming a transparent,
highly viscous and non-birefringent purple gel. Analogous to
our earlier experiments with bacteriorhodopsin [11,12], these
membranous materials were perfectly stable. The formation of
hexagonal micro-crystals (Fig. 1A) was induced by the addi-
tion of solid Na/K-phosphate. Crystals grew slowly (1^6
months at 20³C or 12³C) to sizes of up to 50 Wm in the largest
dimension. Di¡raction to 2.8 Aî resolution is shown in Fig.
1B, and data were integrated to 3.5 Aî (Table 1). Under similar
experimental conditions, i.e. similar crystal size and beam in-
tensity, the di¡raction quality and mosaicity were comparable,
and the crystal habit and space group were identical to those
of bacteriorhodopsin crystals reported earlier [11,16], which
were grown in the presence of the detergent n-octyl-L-D-glu-
copyranoside.

A crystallization mechanism involving annealing of entire
purple patches inside the lipid crystalline material does not
seem reasonable due to the large size of the patches and the
geometrical mismatch between the planar patches and the
curved membrane of the cubic phase. We suggest therefore
a cubic phase-induced disaggregation of purple patches to
smaller units, possibly bacteriorhodopsin monomers, followed
by lateral di¡usion in the three-dimensionally curved mem-
brane and subsequent salt-triggered three-dimensional crystal-
lization. We have previously shown that the detergent-solubi-
lized integral membrane protein bacteriorhodopsin can indeed
be crystallized in a membranous cubic phase [11]. Here we
demonstrate that this membrane protein can be crystallized
directly from its native membrane, omitting any potentially
denaturing detergent-dependent procedures.

Previously two attempts to obtain three-dimensional crys-
tals of bacteriorhodopsin starting from purple membrane were
reported, one utilizing stacking of the purple membrane [14]

and the other employing successive fusion of preformed vesic-
ular bacteriorhodopsin assemblies [22]. The latter requires the
use of a detergent, octylthioglucoside, and results in crystals
that di¡er in space group (P622) and protein packing from the
ones described here. Although mechanistic similarities with
our cubic phase crystallization were inferred, there are clear
di¡erences. The purple membrane is exposed to amphiphiles
with di¡erent spontaneous curvatures. In the cubic phase ap-
proach more than half of the crystallization volume is occu-
pied by the lipid, forming a dense membranous network, thus
dramatically limiting the space available for di¡usion and
association of large preformed aggregates such as crystalline
purple membrane sheets. Furthermore, the crystals produced
by the vesicle fusion approach contain detergent; the protein
arrangement in these crystals di¡ers from that of the purple
membrane, while the crystals described herein consist of pro-
tein and purple membrane lipids that closely resemble the
packing in the purple membrane [23].

We anticipate this crystallization method to be applicable
likewise to other proteins that are naturally enriched in a
biological membrane. For other membranes, novel separation
procedures need to be established in order to achieve the high
initial purity required for crystallization. In conclusion, we
have demonstrated, contrary to the accepted dogma, that de-
tergents are not needed for the three-dimensional crystalliza-
tion of integral membrane proteins.
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