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In the purple membrane of Halobacterium salinarium,

bacteriorhodopsin trimers are arranged in a hexagonal lattice.

When purple membrane sheets are incubated at high

temperature with neutral detergent, membrane vesiculariza-

tion takes place, yielding inside-out vesicles with a diameter of

50 nm. The vesicular structure becomes unstable at low

temperature, where successive fusion of the vesicles yields a

crystal which is composed of stacked planar membranes. X-ray

crystallographic analysis reveals that the bacteriorhodopsin

trimers are arranged in a honeycomb lattice in each membrane

layer and that neighbouring membranes orient in opposite

directions. The native structure of the trimeric unit is

preserved in the honeycomb lattice, irrespective of alterations

in the in-plane orientation of the trimer. One phospholipid

tightly bound to a crevice between monomers in the trimeric

unit is suggested to act as a glue in the formation of the trimer.
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1. Introduction

Bacteriorhodopsin (bR), a membrane protein found in the

plasma membrane of Halobacterium salinarium, functions as a

light-driven proton pump. It consists of seven �-helices

spanning the membrane roughly perpendicularly and its

chromophore, retinal, is bound to the "-amino group of Lys216

via a protonated Schiff base (Stoeckenius et al., 1979; Ebrey,

1993). An interesting property of bR is its self-association into

a crystalline array, called purple membrane, under physiolo-

gical conditions (Blaulock & Stoeckenius, 1971). In purple

membrane, bR monomers are associated to form a trimeric

structure and the trimers are arranged in a hexagonal lattice

(two-dimensional space group p3; Henderson et al., 1990). Ten

lipid molecules per bR monomer ®ll the space between the

proteins (Kates et al., 1993; Grigorieff et al., 1995). In the

absence of the endogenous lipids, bR is unable to form crys-

talline arrays in dimyristoylphosphatidylcholine (DMPC)

bilayers (Sternberg et al., 1992). These facts suggest that the

lipid±protein interactions are indispensable for the association

of bR monomers into the trimeric structure and the crystalline

array.

In order to investigate lipid±protein interactions in higher

order structures of bR at atomic resolution, we have devel-

oped a new crystallization procedure by which bR crystals

containing native lipids are produced. In our previous proce-

dure (Kouyama et al., 1994), a three-dimensional crystal was

obtained by concentrating a solution of purple membrane,

octylthioglucoside (OTG) and ammonium sulfate at 305 K. At

this temperature, purple membrane was transformed into

spherical vesicles with a diameter of 50 nm and the vesicles

assembled three-dimensionally when the concentration of

precipitant reagent exceeded a critical value. The resultant
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Figure 1
(a) The crystal packing of bR viewed perpendicular to the crystal-
lographic a and c axes. The C� atoms are depicted in a slab of about 25 AÊ .
The phospholipid found in a crevice between adjacent monomers is
drawn in grey. (b) The crystal packing viewed from the cytoplasmic side
along the c axis. The C� atoms in the hydrophobic region near the
cytoplasmic surface are depicted in a slab of about 15 AÊ . (c) Arrangement
of the bR trimers in native purple membrane (Grigorieff et al., 1996) is
shown for comparison.

crystal diffracted X-rays to a limited resolution (at best 40 AÊ ),

providing little structural information. Recently, another

crystal form was produced by concentrating and incubating

the spherical vesicles at or below 283 K (Takeda et al., 1998).

At this lower temperature, the vesicles tend to fuse with each

other and the fused vesicles stack up one on another. As a

result of the successive fusion of vesicles, a hexagonal crystal

exhibiting birefringence slowly grows. This crystal diffracts

X-rays beyond a resolution of 3 AÊ .

The newly obtained crystal retains native lipids, primarily

because crystallization is achieved without solubilizing the

protein. Compared with bR crystals obtained using other

crystallization procedures (Schertler et al., 1993; Landau &

Rosenbusch, 1996), the present crystal has the advantage of

providing structural information about the protein±lipid

interactions. Here, we focus on a lipid molecule identi®ed in

the present crystal structural analysis and discuss its role in the

formation of higher order structures of bR.

2. Methods

2.1. Protein puri®cation and crystallization

Purple membrane was isolated from H. salinarium JW3 and

puri®ed according to an established procedure (Oesterhelt &

Stoeckenius, 1974). Prior to crystallization, purple membrane

was incubated in a solution containing the neutral detergent

Tween 20 for partial delipidation, as previously described

(Fukuda et al., 1990). Adjustment of the detergent concen-

tration as well as the incubation period is crucial for successful

crystallization. Well ordered crystals were obtained from

membranes which were treated with 0.2±0.3% Tween 20 for

30 min at 293 K. The subsequent crystallization procedure is

divided into two steps. First, a mixture of 5 mg mlÿ1 purple

membrane, 0.25% OTG, 1 M ammonium sulfate, 0.16 M NaCl,

0.04 M sodium citrate (pH 5.2) and 0.02% NaN3 was incu-

bated at 305 K for 5 d. During this step, vesicularization of

purple membrane took place, producing spherical vesicles

with a diameter of 50 nm (Kouyama et al., 1994; Denkov et al.,

1998). In the next step, sedimentous materials in the mixture

were removed by centrifugation at 4000g for 30 min. The clear

supernatant containing the spherical vesicles was cooled to

278 K and concentrated by vapour diffusion against a reser-

voir solution containing 2.0 M ammonium sulfate and 0.08 M

sodium citrate. After incubation for a couple of months,

hexagonal-shaped crystals grew. Typical crystal dimensions

were 0.3 � 0.3 � 0.04 mm.



2.2. Data collection, structural determination and
re®nements

A single crystal of bR was picked up on a thin quartz plate

and the plate was ®xed in a glass capillary tube. Diffraction

data were collected at 285 K using an imaging plate placed on

Sakabe's screenless Weissenberg camera (Sakabe, 1983) at

station BL18B of the Photon Factory (Tsukuba, Japan).

Indexing and integration of diffraction spots were carried out

with WEIS (Higashi, 1989). The scaling of diffraction data was

performed using SCALA and AGROVATA from the CCP4

program suite (Collaborative Computational Project, Number

4, 1994).

Molecular-replacement analysis was applied for determi-

nation of the initial phase using X-PLOR (BruÈ nger, 1992a). A

structural model of bR determined by electron microscopy of

purple membrane (Protein Data Bank accession code 2brd;

Grigorieff et al., 1996) was used as the search probe. The

rotation and translation search was carried out for re¯ections

in the Bragg spacing range 10±4 AÊ . The best solution in the

molecular-replacement analysis gave a high correlation value

(0.23) and yielded a crystallographic R factor of 0.452 (Rfree =

0.433) after rigid-body re®nement (BruÈ nger, 1992b). A ®nal

rotation/translation solution is as follows: �1 = 133.77, �2 = 0.11,

�3 = 29.22�, a = 34.9, b = 34.7 and c = 20.8 AÊ . After one round

of positional re®nement, the R factor dropped to 0.403 (Rfree =

0.421). At this stage, omit |Fo ÿ Fc| Fourier maps were

calculated and inspected carefully. The transmembrane helical

segments and the retinal chromophore were clearly resolved

in the maps. Manual rebuilds were carried out against the

|Fo ÿ Fc| electron-density map using the program XtalView/

X®t (McRee, 1993). After re®nement of the manually

corrected structural model, an electron-density patch corre-

sponding to one phospholipid was clearly identi®ed. After one

phospholipid per bR was introduced, rounds of positional

re®nement were performed with re¯ections in the Bragg

spacing range 8±3.5 AÊ . Several residues in the N and C termini

(Glu1±Gly6 and Ala228±Ser248) were characterized by poor

electron density and were not included in the ®nal model. The

stereochemistry of the ®nal re®ned model was checked with

the program PROCHECK (Laskowski et al., 1993); 89% of the

residues are in most favoured regions and 11% are in addi-

tional allowed regions of the Ramachandran plot.

3. Results and discussion

3.1. A honeycomb lattice in the new crystal form

The newly obtained crystal belongs to space

group P622 with unit-cell dimensions a = b =

104.7, c = 114.1 AÊ . It is composed of stacked

planar membranes which are separated from

one another by 57 AÊ . Neighbouring membrane

layers orient in opposite directions and, along

the c axis, bR molecules in different membrane

layers are connected by head-to-head and tail-

to-tail interactions (Fig. 1a). In each membrane

layer, bR trimers are arranged in a honeycomb

lattice (Fig. 1b). The threefold axis of each

trimer coincides with a crystallographic three-

fold axis, so that the asymmetric unit contains a

single monomer. The centre-to-centre distance

between adjacent trimers in the honeycomb

lattice (60.5 AÊ ) is a little shorter than the

corresponding distance in native purple

membrane (62.3 AÊ ). The in-plane orientation of

each trimer is such that the crevice between

monomers in the trimeric unit is near a crys-

tallographic twofold symmetry axis.

3.2. The structure of bR in the light-adapted
state

The absorption maximum occurs at 573 nm in

the light-adapted crystal and, in the dark, the

visible band is blue-shifted by 13 nm with a half-

life of 1.3 h at 293 K. These properties are

similar to those observed under physiological

conditions (Casadio et al., 1980; Fukuda et al.,

1990). Since X-ray diffraction data were

collected after the crystal was irradiated by
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Figure 2
(a) Omit map of retinal contoured at 3�. (b) Omit map (1.5�) of a truncated phospholipid
in the crevice between adjacent monomers within the trimeric structure.
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visible light, the present structural model represents the

conformation of the bR isomer containing all-trans retinal.

This is con®rmed by the omit difference map (Fig. 2a), in

which the retinal chromophore in the trans conformation is

clearly resolved. The structure of bR was well re®ned using

re¯ections to a resolution of 3.5 AÊ (Table 1).

The structures of the seven transmembrane helices are well

preserved even after crystallization (Fig. 3a). When the

present structural model is compared with the probe model

(Grigorieff et al., 1996) used in the molecular-replacement

analysis, the root-mean-square deviation for all the C� atoms

in the helical segments is 0.4 AÊ . The position of the side-chain

groups in the helices is also preserved, except for the residues

Trp10, Arg82, Leu97, Phe153 and Glu204 (Fig. 3a).

Major structural differences between the probe and the

®nal models are found in the loop regions protruding into the

inter-membrane aqueous medium. The loop connecting the B

and C helices folds into antiparallel �-strands in the present

model, while it has a distorted conformation in the probe

model. The ®nal structure of this loop is nearly identical to

that in a recent structural model obtained by electron cryo-

microscopic analysis of purple membrane (Kimura et al.,

1997). Since the BC loop protrudes to a large extent into the

aqueous medium, the conformation of this loop would be

expected to be sensitive to the environment of the protein. Its

structure might be dependent on the degree of hydration of

purple membrane, as suggested by the structural difference

between the two structural models obtained by electron

microscopic analyses (Grigorieff et al., 1996; Kimura et al.,

1997).

Another structural difference is found in the conformation

of the loop connecting the E and F helices. This difference is

likely to be caused by the stacking of the membrane layers in

the present crystal, in which the EF loop protrudes toward the

adjacent membrane and makes strong contacts with another

EF loop via hydrogen bonds between Ser162 of one monomer

and Arg164 of another monomer.

3.3. Lipid±protein interactions

In the present structural analysis, one phospholipid was

found in a crevice between adjacent monomers in the trimeric

structure (Fig. 2b). This lipid molecule is thought to play an

essential role in the formation of the trimeric structure of bR.

In purple membrane, three species of phospholipid are

observed (Kates et al., 1993): diphytanylglycerol (archaeol)

having a single phosphatidylglycerol (PG) and its derivatives

having an additional charged group [phosphatidylglycero-

phosphomethyl (PGP) or phosphatidylglycerosulfate (PGS)].

The omit electron-density map at the present resolution can

be ®tted by any of these lipid species. In any case, the lipid

molecule is attached to the proteins via strong electrostatic

and van der Waals interactions: (i) the phosphate group of the

lipid is in close contact with the "-amino group of Lys40, which

is located at the cytoplasmic end of the B helix; (ii) one of its

phytanyl chains is tightly packed between the A and B helices

of one monomer and the D and E helices of the adjacent

monomer (Fig. 3b). This binding of the lipid to the monomer±

monomer interface is similar to that in the probe model

(Grigorieff et al., 1996), although there is a signi®cant differ-

ence in the conformation of the other phytanyl chain

extending outwards from the trimeric unit.

The crystal quality is sensitive to the amount of native lipids

remaining in the membrane. The best quality is obtained when

the purple membrane is slightly delipidated before crystal-

lization, while no crystal is produced when heavily delipidated

purple membrane is used. These results suggest that lipid±

protein interactions play a crucial role in crystal growth. Two

important results concerning the self-association of bR have

previously been reported. Otomo et al. (1992) reported that a

bR homologue (port-bR) in which Lys40 is substituted by a

neutral amino acid is unable to self-associate in the plasma

membrane of halobacteria. Sternberg et al. (1992) reported

that while bR entirely free of the endogenous lipid behaves as

a monomer in pure DMPC bilayers, two-dimensional crystal-

line arrays of bR are formed by the addition of PGP or PGS.

Since the phosphate group of PG or its derivative is shown to

contact with the "-amino group of Lys40 in the present crystal

structural analysis, these experimental results together suggest

strongly that PG or its derivatives act as a glue for the tight

association of bR monomers into the trimeric unit.

The bulkiness of the hydrocarbon chain of the archaeol is

thought to be an important factor affecting the trimeric

formation as well as the optical properties of bR. Pomerleau et

al. (1995) reported that replacement of the phytanyl chains of

the archaeol with alkyl chains results in a large blue shift of the

visible absorption band of bR. Since the phytanyl chain is

much more bulky than the alkyl chain, such replacement can

cause a signi®cant distortion in the conformation of the helical

segments near the monomer±monomer interface (the A and B

helices in one monomer and the D and E helices in the

adjacent monomer), which would in turn alter the protein

Table 1
Data-collection and ®nal re®nement statistics.

Numbers in parentheses are for the highest resolution bin.

Data collection
Resolution limit (AÊ ) 50±3.5
Data completeness (%) 80.2 (45.2)
Multiplicity 7.4 (4.9)
Rsym² (%) 10.3 (15.9)

Re®nement
Resolution limit (AÊ ) 8±3.5
Number of unique re¯ections 3534 (247)
Number of protein atoms 1717
Number of lipids 1
Final R factor³ (%) 26.9 (27.2)
Rfree§ 31.1 (36.1)
B factor (AÊ 2)

Polypeptide chain 22
Lipid 57

R.m.s. deviations from ideal values
Bonds (AÊ ) 0.01
Angles (�) 1.4

² Rsym =
P jIi ÿ hIij=

P
Ii , where Ii is the intensity of an individual re¯ection and hIi is

the mean intensity obtained from multiple observations of symmetry-related re¯ec-
tions. ³ R =

P�jFobsj ÿ jFcalcj�=
P jFobsj: § Rfree is R for 10% randomly omitted

re¯ections which were not used in the re®nement calculations.
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Figure 3
(a) Ribbon drawing of the bR monomer (grey) with all-trans retinal
(purple) and one phospholipid (red). Residues having different orienta-
tions from those in the probe model are drawn in green. Residues playing
a signi®cant role in maintaining the crystal structure are drawn in orange.
The ®gures were produced using MolScript (Kraulis, 1991). (b) A helical
wheel projection model representing the A and B helices in one monomer
and the D and E helices in the adjacent monomer. The red circle
represents the phosphate group of the lipid found between these helices.
Amino-acid residues contacting the phytanyl chains are labelled in black.

conformation around the retinal chromophore. In Fig. 3(b),

amino-acid residues contacting with the hydrocarbon chains

via van der Waals interactions are indicated in black. In the

extracellular lea¯et of the membrane, these helical segments

are closely associated with each other and there is no space to

accommodate a lipid between them. This trimeric unit archi-

tecture is identical to that seen in the native purple membrane.

This similarity explains why the optical properties of the

present crystal are very similar to those observed for native

purple membrane, irrespective of the presence of detergent

molecules.

Structural analyses of purple membrane have indicated that

two lipid molecules per bR are immobilized in the central

region of the trimeric unit (Grigorieff et al., 1996). However,

these lipid molecules are not clearly identi®ed in the present

crystal. This is probably because these lipids are partially

replaced by detergent molecules. Nonetheless, the angle

between the principal axis of the monomer and the membrane

normal does not change by more than 0.2� during crystal-

lization. This implies that the lipid molecule in the crevice

between the adjacent monomers is more important for the

formation of the trimeric structure than the lipid molecules

con®ned to the central region of the trimer.

3.4. Organizational forces in the honeycomb lattice

The mutual orientation of neighbouring bR trimers in the

honeycomb lattice (Fig. 1b) is completely different from that

in native purple membrane (Fig. 1c). An interesting question

arises as to how the in-plane orientation of the bR trimer is

determined in the honeycomb lattice, since no direct contact

exists between neighbouring trimers in the same membrane

layer. The shape of the trimer is approximated by a truncated

triangle, especially at the extracellular side of the membrane,

and adjacent trimers are separated by a zone of low electron

density with a thickness of 10 AÊ .

In general, repulsive forces as well as attractive forces are

necessary to maintain a well ordered crystalline structure

(Israerachvili, 1995). The origin of the repulsive force is

identi®ed in the present structural analysis. In the honeycomb

lattice, Lys172 and Arg175 in the F helix are buried deeply in a

putative hydrophobic region and have their side chains

directed towards the sixfold symmetry axis. That is, the trimers

are oriented so as to separate this pair of positively charged

residues as far as possible from corresponding pairs in

neighbouring trimers. Electrostatic repulsion owing to this

uneven distribution of charged amino-acid residues would be
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expected to be one of the major forces determining the mutual

orientation of bR trimers in aggregated states. A similar

argument has been given as an explanation of the in-plane

orientation of bR trimers in delipidated purple membrane

(Grigorieff et al., 1995).

Attractive forces are also required to maintain a crystalline

state. It is expected from analysis of the lipid content in the

crystal (Takeda et al., 1998) that more than two phospholipids

per bR occur in the inter-trimer hydrophobic region. In the

difference density map calculated after addition of the

immobilized phospholipids in the trimeric structure, a pair of

electron-density patches is seen near the twofold symmetry

axis in the cytoplasmic membrane lea¯et. These patches are

likely to arise from phospholipids whose phosphate group can

interact with the "-amino group of Lys30, which protrudes

from the A helix towards the inter-trimer space (Fig. 3a). Since

their ¯exible hydrocarbon chains are able to ®ll the irregular

open space between the hydrophobic amino-acid residues

protruding from the transmembrane helical segments, the

presence of such lipids in the trimer±trimer interface would be

expected to bring about a substantial attractive force between

bR trimers.

In addition to the lipid molecules, detergent molecules used

for crystallization are also expected to be incorporated into

the crystal. Indeed, crystal growth is sensitive to the detergent

concentration, and well ordered crystals are produced at a

detergent-to-membrane weight ratio of 0.5. Since the misci-

bility of OTG with the aqueous phase is very low under the

crystallization conditions (Takeda et al., 1998), most detergent

molecules would be inserted into the hydrophobic region of

the membrane layers. This idea explains why the surface area

per each trimer is about 1.5 times larger in the honeycomb

lattice (4760 AÊ 2) than in the hexagonal lattice of purple

membrane (3370 AÊ 2). The only possible space which can

accommodate a large number of detergent molecules is the

inter-trimer region around the sixfold symmetry axis, although

their detailed arrangement remains unclear at the present

resolution.

The inter-membrane protein±protein interactions impose

some restriction on the protein arrangement. However, it is

obvious that they cannot fully explain the in-plane orientation

of the trimer. Thus, it is concluded that the honeycomb

structure is maintained under a balance of protein±protein,

protein±lipid and lipid±detergent interactions.
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