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When the light-harvesting chlorophyll a/b protein complex

(LHC-II) from pea thylakoid membranes is co-crystallized

with native lipids, an octahedral crystal that exhibits no

birefringence is obtained. Cryogenic electron micrographs of a

crystal edge showed the crystal to be made up of hollow

spherical assemblies with a diameter of 250 AÊ . X-ray

diffraction data at 9.5 AÊ resolution revealed the spherical

shell of LHC-II to have icosahedral symmetry. A T = 1

icosahedral model of LHC-II, in which the stromal surface of

the protein faces outward, was constructed using the

previously reported structure of the LHC-II trimer [KuÈ hl-

brandt et al. (1994), Nature (London), 367, 614±621]. The

present result shows the ®rst example of a well ordered three-

dimensional crystal of icosahedral proteoliposomes.
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1. Introduction

An increasing number of proteins have been shown to self-

assemble into a regular hollow polyhedral form. In most

spherical virus capsids, a multiple of 60 subunits are arranged

with icosahedral symmetry (Casper & Klug, 1963; Crowther et

al., 1970; Heinz & Allison, 2001). Clathrin is a non-virus

protein that assembles into a polyhedral cage on the cyto-

plasmic side of a membrane (Smith et al., 1998; Pearse et al.,

2000). T = 1 icosahedral geometry has recently been found in

several multienzyme complexes, e.g. pyruvate dehydrogenase

complexes (Izard et al., 1999; Domingo et al., 2001), ribo¯avin

synthase/lumazine synthase complexes (Persson et al., 1999;

Zhang et al., 2001) and tricorn protease (Walz et al., 1999;

Brandstetter et al., 2001). Recent studies have shown that

some membrane proteins organize into spherical shells. The

transmembrane protein bacteriorhodopsin, which functions as

a light-driven proton pump, is the ®rst such example. When its

two-dimensional crystal (called purple membrane) is incu-

bated with a small amount of detergent, the membrane

converts to uniformly sized spherical vesicles with the trimeric

bacteriorhodopsin±lipid complexes arranged in an icosahedral

lattice (Kouyama et al., 1994). The second example is the

E1±E2 complex of alphavirus, which forms an icosahedral

shell without help of the scaffolding capsid protein (Forsell et

al., 2000). The assembly process may be different for these two

examples, but the principal architecture is similar: the trimeric

complexes are the basic blocks of the icosahedral structures. It

is interesting to ask whether other membrane proteins that

form stable trimeric complexes can assemble into a regular

hollow structure when they are forced to concentrate in

restricted regions of biological membranes.

Light-harvesting chlorophyll a/b protein complexes

(LHC-II), the most abundant membrane-spanning proteins in

the thylakoid membranes of green algae and higher plants,
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gather solar energy. The major component of LHC-II in higher

plants mostly consists of a 25 kDa polypeptide chain, which

binds nearly equal numbers of chlorophyll a and b (KuÈ hl-

brandt et al., 1994). This protein has been shown to form a

stable trimeric structure under physiological conditions

(KuÈ hlbrandt, 1994). Previously, KuÈ hlbrandt reported two

crystal forms of LHC-II from thylakoid membranes of pea

chloroplasts (KuÈ hlbrandt, 1987): a hexagonal crystal and an

octahedral crystal. Although these crystals were not used for

structural determination of LHC-II owing to limited X-ray

diffraction resolution, we were interested in these crystals

because of their apparent similarities to the bacteriorhodopsin

crystals produced in the presence of native lipids (Kouyama et

al., 1994; Takeda et al., 1998). The octahedral crystal of LHC-II

has a large unit cell (361±387 AÊ ) and exhibits no birefringence;

these properties are shared by the octahedral crystal of

bacteriorhodopsin (747 AÊ ), which is composed of polyhedral

assemblies. The hexagonal crystal of LHC-II appeared to be

composed of stacked membranes; this was also observed in the

P622 crystal of bacteriorhodopsin (Sato et al., 1999; Matsui et

al., 2002). Additionally, both these proteins crystallize under

similar conditions. The coexistence of native lipids is essential

for the crystal growth of these two membrane proteins

(Takeda et al., 1998; Nussberger et al., 1993). Furthermore, like

bacteriorhodopsin, LHC-II forms a trimeric structure under

physiological conditions (Nussberger et al., 1993).

From these similarities, it appears that the underlying

crystallization mechanism is similar for these two membrane

proteins. In order to investigate this possibility, we improved

the crystallization procedure of LHC-II so as to obtain crystals

suitable for crystallographic analyses. We have obtained an

octahedral crystal that diffracts to 8 AÊ resolution and a

hexagonal crystal that diffracts to beyond 3 AÊ resolution. The

hexagonal crystal seems to be suitable for construction of an

atomic model of LHC-II, but further re®nement of the crys-

tallization conditions is still required. In this study, we address

the structural analysis of the octahedral crystal of LHC-II and

discuss the mechanism of formation of the vesicular assembly

found in this crystal.

2. Materials and methods

2.1. Purification and crystallization of LHC-II

LHC-II was puri®ed from thylakoid membranes of pea

chloroplasts according to Burke et al. (1978), with modi®ca-

tions made by KuÈ hlbrandt (1987). Brie¯y, chloroplast thyla-

koid membranes were solubilized with 0.5%(w/v) Triton

X-100 at a chlorophyll concentration of 0.5 mg mlÿ1 and

LHC-II was separated from other proteins using sucrose

linear-density gradient centrifugation. LHC-II was then

precipitated by adding solid KCl to a ®nal concentration of

300 mM. The chlorophyll concentration was determined

according to Arnon (1949).

For preparation of the octahedral crystal of LHC-II, the

protocol reported by KuÈ hlbrandt (1987) was modi®ed. After

investigating a variety of crystallization conditions, we found

that addition of polyethylene glycol (PEG 4000) to be effec-

tive in yielding crystals that diffract X-rays to 8 AÊ . Our ®nal

crystallization protocol was as follows: the puri®ed protein at a

chlorophyll concentration of 4 mg mlÿ1 was solubilized with

0.8%(w/v) nonyl glucoside (n-nonyl-�,d-glucopyranoside,

Fluka) in the presence of 10 mM HEPES pH 7.0. 5 ml protein

solution was mixed with an equal volume of crystallization

buffer containing 0.4%(w/v) nonyl glucoside, 35 mM KCl,

6% PEG 4000, 10% xylitol and 10 mM HEPES pH 7.0.

After centrifugation at 10 000g, the supernatant was slowly

concentrated at 283 K by the hanging-drop vapour-diffusion

method using a reservoir solution containing 35 mM KCl, 6%

PEG 4000, 10% xylitol and 10 mM HEPES pH 7.0. Within a

week, octahedral crystals grew to dimensions of 0.3 � 0.3 �
0.3 mm. For cryogenic diffraction experiments, a single crystal

was soaked in a solution consisting of 35 mM KCl, 8% PEG

4000, 40% xylitol and 10 mM HEPES pH 7.0 for 10 min and

rapidly cooled by immersing into liquid propane.

2.2. Electron microscopy

Transmission electron microscopy was performed with a

JEM2010 (Jeol) electron microscope operated at 200 kV. A

3 ml suspension containing small octahedral crystals of LHC-II

was mounted on a carbon-coated grid that had been rendered

hydrophilic by glow discharge. Excess liquid was removed with

a ®lter paper (No. 2, Whatman) and the grid was plunged into

liquid propane and transferred to a cryotransfer stage (Oxford

CT3500). An edge part of a small crystal was exposed to an

electron beam at �10 e AÊ ÿ2 for 1 s and a micrographic image

was recorded using SO-163 ®lms (Kodak). Electron micro-

graphs were digitized with a Minolta DiMAGE Scan Multi

PRO Model AF-5000.

2.3. X-ray crystallographic analysis

X-ray diffraction data were collected on a MAR CCD

detector at beamline BL41XU of SPring-8. The intensity data

were indexed and integrated using MOSFLM (Steller et al.,

1997) and further processed using SCALA and TRUNCATE

from the CCP4 program package (Collaborative Computa-

tional Project, Number 4, 1994). The self-rotation function was

calculated using the program GLRF (Tong & Rossmann,

1990). The twinning fraction of a crystal was estimated by the

method of Yeates (1997). To determine the structure of the

spherical shell assembly of LHC-II, the polyalanine model of

LHC-II (amino-acid residues 55±89, 123±143 and 170±214 and

12 tetrapyrols: seven chlorophyll a and ®ve chlorophyll b)

reported by KuÈ hlbrandt et al. (1994) was used. The crystal

used was found to be merohedrally twinned, implying that

conventional structural analyses cannot be performed. Thus,

we chose to begin by evaluating various trial models which

were built on the assumption that 20 trimers of LHC-II are

arranged in a T = 1 icosahedral lattice. The structure ampli-

tudes of the hkl and hlk re¯ections, Fc(hkl) and Fc(hlk), were

calculated for each trial model and the calculated amplitude

Ftwin
c (hkl) = {[|Fc(hkl)|2 + |Fc(hlk)|2]/2}1/2 was compared with

the observed amplitude F twin
o = {[Io(hkl) + Io(hlk)]/2}1/2, where



Io(hkl) and Io(hlk) are the observed intensities of the hkl and

hlk re¯ections, respectively. Finally, the crystallographic

R value [
P

hkl

��kjFtwin
c j exp�ÿBjsj2=4� ÿ jFtwin

o j
��=jF twin

o j] was

evaluated for all the trial models using the software CNS

(BruÈ nger et al., 1998) and the ®nal model providing the lowest

Rcryst value was determined. To re®ne the structural model

under icosahedral symmetry constraints, we performed a rigid-

body re®nement of the individual LHC-II monomer using the

re¯ection intensities obtained by the detwinning procedure:

Idetwin(hkl) = [Itwin(hkl) + Ic(hkl)ÿ Ic(hlk)]/2, where Itwin is the

observed intensity and Ic is the intensity calculated from the

icosahedral model. The icosahedral model thus constructed

was checked graphically using XtalView (McRee, 1993).

3. Results

3.1. Spherical shell assemblies of LHC-II in the octahedral
crystal

Fig. 1(a) shows an example of cryogenic transmission

electron micrographs of a peripheral edge of a small octa-

hedral crystal of LHC-II. This image clearly indicates that the

octahedral crystal is composed of spherical shell assemblies

with a diameter of 250 AÊ . The thickness of each spherical shell

assembly is �50 AÊ , i.e. nearly the same as the thickness of a

two-dimensional crystal of LHC-II (KuÈ hlbrandt et al., 1994).

Thus, it is concluded that the spherical shell assembly found in

the crystal is made up of a single layer of membrane.

The mechanism of formation of the spherical shell assembly

of LHC-II was investigated by taking electron micrographs of

a pre-crystallizing solution of LHC-II. Below 10 mM KCl no

spherical shell assembly was visible in the protein/detergent/

buffer solution, yet no protein was found to penetrate through

a membrane ®lter with a molecular-sieve size of 100 kDa. This

suggests that LHC-II forms trimers or larger oligomers even in

the absence of KCl (data not shown). Above 20 mM KCl the

spherical shell assembly becomes visible, as shown in Fig. 1(b).

When the concentration of KCl exceeds 30 mM, octahedral

crystals of LHC-II grow. The in¯uence of KCl on protein

assembly and crystal growth is explained well by the shielding

effect of electrostatic repulsions between the proteins or the

vesicles.
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Figure 1
Electron micrographs of the vesicular assemblies of LHC-II. (a)
Cryogenic electron micrograph of a peripheral edge of the octahedral
crystal of LHC-II. Small crystals of LHC-II were grown in a solution
containing 50 mM KCl, 10 mM HEPES pH 7.0 and 0.6%(w/v) nonyl
glucoside and rapidly cooled with liquid propane. (b) Cryogenic electron
micrograph of a pre-crystallizing solution of LHC-II containing 20 mM
KCl, 10 mM HEPES pH 7.0 and 0.6%(w/v) nonyl glucoside. The bar
represents 100 nm.

Table 1
Data-collection statistics.

Values in parentheses are for the highest resolution shell.

X-ray source BL41XU, SPring-8
Wavelength (AÊ ) 1.0
Temperature (K) 100
Space group F23
Unit-cell parameter (AÊ ) a = 360.6
Unique re¯ections 2533
Resolution range (AÊ ) 208.2±9.5 (10.1±9.5)
Redundancy 8.0 (8.3)
Completeness (%) 99.9 (99.9)
Average I/�(I) 3.0 (1.5)
Rsym² 0.085 (0.499)
Twin fraction 0.45

² Rsym =
P jIhkl ÿ hIhklij=

PhIi, where Ihkl is a single value of the measured intensity of
the hkl re¯ection and hIhkli is the mean of all measured values of the intensity of the hkl
re¯ection.
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3.2. X-ray crystallographic analysis of the octahedral crystal

The octahedral crystal produced according to the protocol

of KuÈ hlbrandt (1987) diffracted to 15 AÊ resolution. This

crystal was shown to belong to space group P213 or P4232, with

unit-cell parameters a = b = c = 387 AÊ (at room temperature).

On the other hand, the octahedral crystal produced by our

protocol belonged to space group F23 or F432, with unit-cell

parameters a = b = c = 360.6 AÊ . This crystal diffracted X-rays

to 8 AÊ resolution. It should be pointed out that there is no

apparent difference in crystal shape between the P213 (or

P4232) crystal and the F23 (or F432) crystal. The structural

analysis described below was performed using diffraction data

from the F23 (or F432) crystal cooled to 100 K. The diffraction

data statistics are summarized in Table 1.

To elucidate whether the vesicle has non-crystallographic

symmetry axes, we calculated the self-rotation function from

the diffraction data. When the calculation was performed with

an integration radius of 90 AÊ (about 1/3 of the vesicle

diameter), the rotational correlation in the Patterson space

showed a set of peaks for twofold, threefold and ®vefold axes.

The stereographic plot derived from the rotational correlation

function sectioned at � = 72� is shown in Fig. 2. The relative

positions of the correlation peaks are exactly consistent with

the icosahedral symmetry.

From closer investigation of the rotational correlation

function, it was found that the crystal contains two super-

imposed icosahedral assemblies rotated 90� about the prin-

cipal axes with respect to each other. Such orientations may be

explained by supposing space group F432, i.e. eight icosa-

hedral particles per unit cell. In this case, however, it would be

calculated from the unit-cell parameter that the spherical shell

has a diameter less than 150 AÊ . This calculated value is not

compatible with the results of electron microscopy, which

indicate that the centre-to-centre distance between neigh-

bouring spherical shell assemblies is �250 AÊ . A better corre-

lation between diffraction data and electron micrographs is

found by supposing that the crystal belongs to space group F23

(four icosahedral particles per unit cell) and that it is mero-

hedrally twinned. In this space group, the centre-to-centre

distance between adjacent spherical shells is calculated to be

254 AÊ .

The intensity statistics indeed show that the crystal used is

merohedrally twinned. Fig. 3 shows the cumulative distribu-

tion of the fractional difference between a pair of twin-related

intensities [I(hkl) and I(hlk)]. From the initial slope of the

experimental curve in Fig. 3, the twinning fraction was esti-

mated to be 0.45. This value means that the crystal is a nearly

perfect twin. For practical reasons, the mean intensity of the

hkl and hlk re¯ections {i.e. Itwin(hkl) = [I(hkl) + I(hlk)]/2} was

used in the following structural analysis.

3.3. Icosahedral model of LHC-II

An icosahedral model of LHC-II was constructed using the

polyalanine model of LHC-II previously derived from the

electron crystallographic analysis of a two-dimensional crystal

of LHC-II by KuÈ hlbrandt et al. (1994). According to their

Figure 2
Stereographic projection map of the self-rotation function. The result of
search for ®vefold symmetry axes is shown. � was ®xed at 72� and ' and  
were varied from 0 to 180� with a 3� interval. In this calculation, 1400
re¯ections between 14 and 9.5 AÊ resolution with I/�(I) > 3.0 were used.
The radius of integration was 90 AÊ . The contours are drawn at intervals of
10, starting from 530. The correlation peaks marked R1 and R2 come
from the two icosahedra related by the twinning operation (i.e. 90�

rotation of a crystal domain around a crystallographic twofold axis). The
minor peaks marked R3 arise from interference between re¯ections from
these two icosahedra; note that they can be superimposed when one
icosahedron is rotated around a crystallographic threefold axis by an
angle of 75.52�. The observed peaks in the self-rotation function are
reproduced well when the ®nal structural model (Fig. 5) is placed in a
merohedral twin.

Figure 3
Estimation of the twinning fraction. The parameter H is the fractional
difference between the intensities of twin-related re¯ections, i.e.
H = |I(hkl) ÿ I(hlk)|/[I(hkl) + I(hlk)]. The cumulative distribution of
H, S(H), is calculated over acentric re¯ections. The thick solid line is
derived using data in the resolution range 20±9.5 AÊ from the octahedral
crystal of LHC-II. From its initial slope, the twinining fraction is
estimated to be 0.45. The straight thin lines are the theoretical curves
expected for different values of the twinining fraction.



structural model, each monomer is composed of three trans-

membrane helices (A, B and C), a short helix (D) located near

the lumenal surface of the membrane and 12 chlorophyll

molecules. In the present model building, we assumed that the

trimeric structure observed in the two-dimensional crystal is

retained in the icosahedral assembly, as the preparation

method employed in the present study primarily yielded

trimers of LHC-II. This is also supported by the previous

observations that the octahedral crystal only grows in the

presence of native lipids [i.e. phosphatidylglycerol (PG) and

digalactosyl diacylglycerol (DGDG)] (Nussberger et al., 1993)

and that PG is crucial for the formation of the trimeric

structure of LHC-II (Krupa et al., 1992).

From the ratio between the total area of the inner surface of

the vesicle (100 000 AÊ 2) and the area occupied by each trimer

(4 200 AÊ 2), it is reasonable to suppose that 20 trimers are

arranged in an icosahedral lattice. In this case, the centre of

each trimer should lie on a threefold axis. That is, the icosa-

hedral structure can be de®ned by two parameters: the

diameter of the icosahedron and the rotation angle of each

trimer around the threefold-symmetry axis passing through

the centre of the trimer. To ®nd out the most likely structural

model, we ®rst constructed various trial models using different

parameter values and then investigated the degree of ®tting

between the observed and the calculated intensities of

diffraction. Fig. 4 shows a contour map of the crystallographic

R factors (Rcryst) evaluated for 800 trial models. When

diffraction data between 18 and 9.5 AÊ were included in this

calculation, the Rcryst value took a minimum value (0.392)

when the vesicle has a radius of 134 AÊ at the outermost atom

and the trimer was oriented in such a manner that the crevice

between the neighbouring monomers is positioned on a line

connecting the centres of neighbouring trimers.

The above calculation was performed on the assumption

that the crystal is made up of right-side-out vesicles, i.e. the

stromal surface (N-terminus) of the protein faces outward.

When the same calculation was performed assuming inside-

out vesicles, the Rcryst value did not decrease below 0.43. Thus,

we conclude that the F23 crystal is composed of right-side-out

vesicles of LHC-II. This conclusion is supported by the

observation that the N-terminal region of LHC-II was cleaved

upon tryptic treatment of the vesicular assemblies, which were

prepared by dissolving the octahedral crystal in a solution

containing 20 mM KCl and 10 mM HEPES pH 7.0 (data not

shown). Our result is in line with the asymmetric charge

distribution predicted by the structure model of LHC-II, i.e.

more than 14 negatively charged residues per monomer are

placed on the stromal surface.

The position and orientation of the individual monomer was

further re®ned using rigid-body re®nement. These parameters

were little affected by this re®nement, while the crystallo-

graphic R and the free R values decreased to 0.343 and 0.364,

respectively. This result suggests that the trimeric structure of

LHC-II observed in the two-dimensional crystal is retained in

the icosahedral assembly.

Fig. 5(a) shows a view of the icosahedral model that was

constructed using the parameters found in the above analysis.

In this model, the closest distance (8 AÊ ) between neighbouring

trimers is seen near the inner surface (i.e. the lumenal surface),

where the C-terminal end of helix D of one monomer faces

toward the N-terminal end of helix C of another monomer

(Fig. 5b). Since the polypeptide termini and the loops

connecting the helices are truncated in the polyalanine model

used in the present study, it is very likely that direct protein±

protein interactions are involved in the assembly of the

trimers into the icosahedral lattice. At the outer surface of the

icosahedron, there is a large gap (15 AÊ maximum) between

neighbouring trimers. This space is probably ®lled by lipids

and/or detergents. The outermost atom of the icosahedron is

134 AÊ from the vesicle centre and is found at the N-terminal

end of helix A. The closest distance from this atom to atoms in

the adjacent icosahedron is 12 AÊ . Interactions between

neighbouring icosahedra are probably mediated by amino-

acid residues at the N-terminal end of helix A or on the loop

connecting helices A and C.

The shaded arc in Fig. 5(b) represents a hydrophobic layer

of lipid and/or detergent molecules ®lling the space between

the proteins. This layer is hypothesized to explain the periodic

variation in the diffraction intensity at low re¯ection angles

(data not shown), which suggests the existence of a low
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Figure 4
Contour map of the crystallographic R values evaluated for 800 trial
icosahedral models. Each trial model was built by arranging 20 trimers in
a T = 1 icosahedral lattice with radius r and then rotating the trimers
around the threefold axes passing through their centre by an angle '.
Using the program CNS 1.0 (BruÈ nger et al., 1998), the structure amplitude
Fc was calculated for re¯ections in the resolution range 18±9.5 AÊ and,
after searching for optimal values of the scaling factor (k) and the
overall temperature factor (B), the Rcryst value, de®ned asP�kjFcj exp�ÿBjsj2=4� ÿ jFoj�=

P jFcj, was evaluated. Here, Fo is the
observed structure-factor amplitude. This calculation was repeated for
various values of r and '. The results shown were obtained when the r
value was increased from 125 to 144 AÊ using a step of 1 AÊ and the ' value
was changed between 0 and 120� with a step of 3�. The contour lines are
drawn with an interval of 0.01 in regions where Rcryst � 0.46. The lowest
Rcryst value was found at r = 134 AÊ and ' = 19�.
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electron-density region with a thickness of 20 AÊ (Hino, 2003).

(Details will be described elsewhere.)

4. Discussion

The present results demonstrate that the octahedral crystal of

LHC-II is made up of hollow spherical assemblies, each

containing 20 protein trimers arranged in a T = 1 icosahedral

lattice. This is the second example of a membrane protein that

forms polyhedral assemblies under crystallization conditions.

The ®rst example was observed in the P6322 crystal of

bacteriorhodopsin (Kouyama et al., 1994). Our recent study of

the octahedral F23 crystal of bacteriorhodopsin vesicles

suggests that 420 trimers are arranged in a T = 7 icosahedral

lattice with a diameter of 460 AÊ (A. Horigome, T. Nishikawa

& T. Kouyama, unpublished data). These observations are not

surprising as the arrangement of trimeric lipid±protein

complexes on an icosahedral lattice is geometrically and

energetically allowed.

Nussburger et al. (1993) reported that the presence of two

types of native lipid [i.e. phosphatidylglycerol (PG) and

digalactosyl diacylglycerol (DGDG)] is essential for the

growth of the octahedral crystal. On the other hand, it was

previously observed that only one of them (PG) is required for

formation of the trimeric structure of LHC-II (Krupa et al.,

1992). One possible explanation of these observations is that

DGDG is distributed around the trimeric structure of LHC-II

and mediates interactions between adjacent LHC-II trimers in

the icosahedral structure. This possibility is supported by the

observation that the LHC-II icosahedral shell contains a thin

layer that has a lower electron density than that of the bulk

solvent (Hino, 2003). It is very likely that the space between

the LHC-II trimers in the icosahedral structure is ®lled

completely with lipids and/or detergents, i.e. the LHC-II

icosahedron is a closed proteoliposome.

The LHC-II icosahedral vesicle is much smaller than the

bacteriorhodopsin vesicle or the smallest vesicles of pure

lipids. A special driving force must exist that makes the

LHC-II vesicle very small. This force is probably not related to

the shape of the trimeric structure of LHC-II, which is

approximated by a rod rather than by a cone. A more likely

cause is an asymmetric charge distribution in the protein.

According to the structural model of LHC-II derived by

electron crystallography (KuÈ hlbrandt et al., 1994), negatively

charged residues are abundant on the protein surface at the

stromal side. Our model of the icosahedral vesicle indicates

that this surface faces outward (Fig. 5b). Since the LHC-II

vesicles are formed at a low salt concentration (20 mM KCl),

electrostatic ®elds originating from negatively charged resi-

dues on the stromal surface are not suf®ciently shielded out.

Given the trimer±trimer contact at the lumenal side, the

electrostatic repulsion between the stromal surfaces can be

reduced by increasing the membrane curvature. In order for

the LHC-II vesicles to be stacked into the octahedral crystals,

electrostatic repulsion between the vesicles must be reduced

by the addition of salt. This effect was observed experimen-

tally (Fig. 1).

The icosahedral vesicle of LHC-II is produced by a simple

procedure. It is interesting to ask why the icosahedral vesicle

of LHC-II has not been observed under physiological condi-

tions. It could be argued that the formation of such a vesicle is

functionally makes no sense, as ef®cient energy transfer from

LHC-II to the reaction centre of photosystem II is only

achieved when these membrane proteins exist in the same

thylakoid membrane; however, this argument does not

exclude the possibility that the vesicle formation of LHC-II is

involved in a developmental process of the thylakoid

membranes in plant chloroplasts. Judging from the ease with

which LHC-II forms vesicles, we suppose that any membrane

proteins with asymmetric charge distributions will form vesi-

Figure 5
Structure of the icosahedral assembly of LHC-II. (a) View of the whole
assembly along a twofold symmetry axis, overlaid on a T = 1 icosahedral
lattice (white line). Polypeptides are drawn in a ribbon representation
(gold) and chlorophylls are drawn in CPK representation (green). (b)
Enlarged view showing the relative positions of neighbouring trimers.
Each subunit of the protein is composed of three transmembrane helices
(A, B and C) and a short helix (D) located near the lumenal surface of the
membrane and 12 chlorophyll molecules (shown as a wire model). The
shaded arc represents a hypothetical hydrophobic region of the lipid±
detergent bilayer. (a) was drawn with VMD (Humphrey et al., 1996) and
POV-Ray (http://www.povray.org) and (b) with MOLSCRIPT (Kraulis,
1991) and RASTER3D (Merritt & Murphy, 1994).



cular assemblies if they are segregated, for example, from

lipid-rich regions in a membrane (Simons & Ikonen, 1997). It

would be valuable to investigate whether other membrane

proteins are able to self-assemble into regular polyhedral

structures under some solvent conditions, as such a protein

assembly could be used to purify a speci®c membrane protein

without complete solubilization of the biological membrane.

The octahedral crystal used in the present structural

analysis is morphologically similar to, but crystallographically

different from, the crystal prepared according to the protocol

of KuÈ hlbrandt (1987). The latter belongs to space group P213

and its unit-cell parameter (387 AÊ ) is slightly larger than that

of the F23 crystal we obtained. It should be mentioned that

below 30 AÊ resolution the diffraction pattern from the P213

crystal was characterized by very weak re¯ections at the Miller

indices h + k 6� 2n, k + l 6� 2n or l + h 6� 2n (data not shown).

This implies that the P213 crystal has pseudo-face-centred

symmetry at low resolution. We suppose that the P213 crystal

is made up of spherical shell assemblies as found in the F23

crystal. In this case, alteration in the space group can be

explained by a small reorientation of the spherical shell

assemblies in the unit cell, i.e. the F23 crystal is converted to

the P213 crystal when the four vesicles in the unit cell are

rotated systematically around the crystallographic threefold

axes. This interpretation is supported by our observation that

the space group often changed when diffraction data from a

single crystal were collected at room temperature.
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