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The basic photosynthetic unit containing the reaction centre and the
light-harvesting I complex (RC-LHI) of the purple non-sulphur bacterium
Rhodospirillum rubrum was puri®ed and reconstituted into two-dimen-
sional (2D) membrane crystals. Transmission electron microscopy using
conventional techniques and cryoelectron microscopy of the puri®ed
single particles and of 2D crystals yielded a projection of the RC-LHI
complex at a resolution of at least 1.6 nm. In this projection the LHI ring
appears to have a square symmetry and packs in a square crystal lattice.
The square geometry of the LHI ring was observed also in images of
single isolated particles of the RC-LHI complex. However, although the
LHI units are packed identically within the crystal lattice, a new
rotational analysis developed here showed that the reaction centres take
up one of four possible orientations within the ring. This fourfold dis-
order supports our interpretation of a square ring symmetry and
suggests that a hitherto undetected component may be present within
the photosynthetic unit.
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Introduction

In recent years, the structural organisation of the
photosynthetic membrane from purple sulphur
and non-sulphur bacteria has come under increas-
ingly close scrutiny. The majority of purple bac-
teria contain at least two light-harvesting
complexes, designated light-harvesting complex I

(LHI) and light-harvesting complex II (LHII),
which can collect and transfer light energy to a
reaction centre (RC) in a highly ef®cient manner.
The reaction centre is able to utilise light energy to
perform the primary steps of photosynthesis,
charge separation, which ultimately leads to the
generation of chemical energy (for reviews, see
Deisenhofer & Michel, 1989; Drews, 1985).

LHI and LHII are able to absorb light through-
out the visible to near-infrared (near-IR) region
and transfer energy to the near-IR absorption maxi-
mum of the associated pigment, bacteriochloro-
phyll a (BChla) at 880 nm and 800 to 850 nm,
respectively. The spectral overlap of the near-IR
absorption maxima with each other and with the
bacteriochlorophyll special pair of the reaction
centre (P870) ensures that energy is primarily
transferred in the sequence LHII-to-LHI-to-RC.

The molecular details of these individual com-
plexes are now being elucidated in detail. The
structure of the reaction centres for Rhodopseudomo-
nas viridis (Deisenhofer et al., 1985) and Rhodobacter
sphaeroides (Allen et al., 1987) have been solved and
recently the structure of the LHII complex from
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Rhodopseudomonas acidophila (McDermott et al.,
1995) and Rhodospirillum molischianum (Koepke
et al., 1996) have been solved at atomic resolution
by X-ray crystallography, and a projection map at
0.85 nm resolution of the LHI complex from Rho-
dospirillum rubrum has been obtained by cryoelec-
tron microscopy of two-dimensional crystals
(Karrasch et al., 1995). All of these data con®rm
early biochemical experiments (see Zuber, 1985)
indicating that the complexes contain two non-
identical polypeptides, a and b, which bind BChla
and carotenoid. In addition, as might be expected
from the relatively high level of sequence hom-
ology between a and b polypeptides for different
complexes, the three-dimensional structures of
LHII and the projection map from LHI reveal a
similar arrangement of polypeptides and pigments.
Thus the LHII complexes from Rps. acidophila and
R. molischianum are composed of nine and eight
dimers, respectively, each binding three BChla
molecules and one or two molecules of carotenoid,
and arranged in a ring-like structure within the
plane of the membrane. For the LHI from
R. rubrum, even the lower-resolution projection
map is suf®cient to reveal that 16 ab dimers are
arranged in a ring within the plane of the mem-
brane with the 32 transmembrane a-helices ®xed in
an orientation similar to those observed for the
LHII complexes (Karrasch et al., 1995).

An important question concerns the interaction
of the reaction centre with the LHI ring. Although
early low-resolution electron microscopic analyses
of naturally occurring 2D RC-LHI crystals
suggested a single reaction centre to be present
within a ring of LHI complexes (Miller, 1982;
Engelhardt et al., 1986), kinetic studies (Joliot et al.,
1990) employing isolated chromatophores implied
that two reaction centres were interacting with the
LHI complexes. However, Karrasch et al. (1995)
were able to ®t only a single reaction centre within
the LHI ring projection as obtained using cryoelec-
tron microscopic data, supporting the conclusions
of later kinetic studies (FernaÁndez-Velasco &
Crofts, 1991) that were in con¯ict with those of
Joliot et al. (1990). Recently, Walz & Ghosh (1997)
obtained 2D crystals from the RC-LHI complex
similar to those described here and were able to
show that the LHI rings from a carotenoid-less
mutant do indeed accommodate one RC. In this
latter study, the RC-LHI complexes were obtained
intact by gentle dissociation of the native mem-
branes prior to crystallisation. This detergent pro-
cedure did not cause dissociation of the LHI
complexes to the small soluble subunits character-
ised by an absorption maximum at 820 mn (B820:
Miller et al., 1987; Ghosh et al., 1988a,b) thus
strengthening the conclusion that the structural
data observed correspond to the in vivo situation.
However, the micrographs obtained from nega-
tively stained RC-LHI complexes by Walz &
Ghosh (1997) were processed by direct cross-corre-
lational averaging and, although the LHI projec-
tion strongly resembled that obtained by

cryoelectron microscopy, the reaction centre could
be visualised only as a featureless object within the
LHI ring. It was suggested that the lack of features
was due to rotational disorder of the RC. In the
present study, we show evidence derived from a
new analysis for rotational symmetry in 2D crys-
tals that the reaction centre can be localised to four
discrete orientations within the ring, and that only
a single reaction centre is observable. In addition,
we present evidence that the LHI ring is distorted
from circular to square geometry.

Results

A titration of the spectral transitions of the RC-
LHI complexes observed at room temperature with
the increasing concentration of DHPC is shown in
Scheme 1.

This pro®le is similar to that demonstrated pre-
viously (Kessi et al., 1994, 1995) for preparations at
room temperature, in that four discrete spectral
forms (designated B873, B869, B820 and B775
according to their near-IR absorption maxima) are
observed. The B820 and the B775 forms have been
studied extensively by ourselves and others, and
correspond to completely solubilised LHI-subunits
of low molecular mass.

The near-IR/VIS absorption spectra of chromato-
phores in the presence of increasing amounts of
DHPC are shown in Figure 1. The native chroma-
tophores have a prominent absorption peak at
873 mn (B873). Careful stepwise addition of the
detergent DHPC to a ®nal concentration of 20 mM
shifted this peak to 869 nm (B869). This shift was
found to be reversible, when the detergent concen-
tration was lowered below 2 mM DHPC, as was
the case for dialysis against detergent-free buffer,
as well as for direct dilution of solubilised com-
plexes. At DHPC concentrations higher than
25 mM during solubilisation or 2.5 mM during the
following puri®cation steps, the spectral contri-
bution due to B869 decreases in favour of an inter-
mediate B820, which ®nally becomes B775. The
latter transition was found to be irreversible. Crys-
tallisation of the RC-LHI complexes was never
possible from the B820 or B775 form.

Purification of RC-LHI

Initially, we employed the procedure of Kessi
et al. (1994, 1995), also used by Walz & Ghosh
(1997), for the preparation of 2D crystals. In this
procedure, the DHPC-solubilised protein obtained
from the chromatophore membranes is applied

Scheme 1.
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directly to a DEAE-Sepharose column, and the
eluted fractions are used either directly, or are
further puri®ed using sucrose gradient centrifu-
gation. In our hands, this procedure proved to be
unreliable for routine crystallisation trials. The
purity of the RC-LHI complexes obtained after the
DEAE-Sepharose step is very variable with signi®-
cant contamination by proteins with molecular
masses above 30 kDa often observable. The
employment of a sucrose gradient as the ®nal step
is effective in achieving a proper puri®cation, but
unfortunately leaves the ®nal preparation in large
quantities of sucrose that cannot easily and quickly
be removed without disturbing the sensitive
DHPC-RC-LHI equilibrium. In addition, the pro-
tein is always quite dilute at the end of this pro-
cedure, and thus requires a further concentration
step prior to crystallisation.

By comparison, performing the sucrose gradient
®rst is highly effective in removing the bulk of con-
taminating protein and the ®nal DEAE-Sepharose
step rapidly and reproducibly yields very pure and
highly concentrated RC-LHI complexes in a buffer
suited to crystallisation trials. The only dif®culty
we encountered with our ®nal procedure was that
during loading of the RC-LHI complexes obtained
from the sucrose gradient onto the DEAE-Sepha-
rose column, we often observed a dissociation of
the complexes. We attributed this to a raising of

the local detergent concentration during binding to
the column, possibly enhanced by the presence of
large quantities of sucrose. Diluting the sucrose
fractions with an equal volume of detergent-free
and sucrose-free buffer immediately prior to
DEAE-Sepharose loading proved to be an effective
solution.

The most sensitive parameter for obtaining an
optimal preparation suitable for crystallisation was
the detergent concentration used during the puri®-
cation. If the concentration of DHPC was too low,
the RC-LHI complexes showed aggregation in
transmission electron microscopy (TEM) images
(not shown), and exhibited a corresponding shift of
the B869 to the B873 form. If the concentration of
detergent was too high, we observed spectral con-
tributions due to B820 and B775 and found small
particles without a de®ned shape using TEM
(images not shown). In general, the diameter of the
particles was below 10 nm. Subsequently the
DHPC concentration was kept at 20 mM during
solubilisation and at 2 mM during puri®cation.

An SDS-PAGE gel (12.5% (w/v) acrylamide) of
the variant steps of the RC-LHI puri®cation is
shown in Figure 2. The RD-LHI fraction shown in
Figure 2, lane 6 was used for crystallisation. It
shows the reaction centre subunits L, M and H at
12, 23 and 31 kDa. We assign the bands accumu-
lated in the front to be the LHI subunits a and b.

Figure 1. Absorption spectra of RC-LHI complexes (approx. 200 mg of protein) in the presence of varying amounts
of DHPC are shown. The DHPC concentrations employed and the corresponding absorption maxima are indi
cated: 0 mM ( , 873 nm), 20 mM ( , 869 nm), 37 mM ( , 820 nm) and 374 mM
( , 775 nm). The inset shows an expansion of the region from 750 nm to 900 nm.
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In all preparations we noted an unknown protein
component with a molecular mass of 44 kDa. This
protein begins to elute slightly ahead of the RC-
LHI complex but is present also within the ®nal
preparation. However, our images of the crystal
provide no evidence for a 44 kDa mass in addition
to that of the LM subunit. We therefore assume
that this component is either not present in the
crystals or that it corresponds to incompletely dis-
sociated LM dimers.

The last lane on the gel in Figure 2 was a frac-
tion that was eluted with 1 M NaCl from the
DEAE-Sepharose column, after the column had
been excessively washed with 200 mM NaCl. It
shows three predominant bands at approximately
57 kDa, 61 kDa and 67 kDa. The 57 kDa band con-
tained haem, as indicated by haem staining. We
are unable to assign these bands at present. The
®nal RC-LHI preparation obtained after the last
DEAE-Sepharose step could not be stained with
the haem reagent. Other positive haem colorations
are marked by circles.

A TEM image of negatively stained solubilised
particles in the presence of detergent is shown in
Figure 3a. The particles appear ``banana''-shaped,
have a width of 6.8(�0.8) nm but are of variable
length ranging from 12.8 nm to 40 nm or more.

Cryoelectron microscopy of single particles

Cryoelectron microscopy with a holey carbon
®lm of the puri®ed detergent-containing solution
showed isolated particles that were frequently
aggregated into one-dimensional arrays (Figure 3c).

Single particle analysis of the
RC-LHI complexes

From preparations of isolated RC-LHI we
removed the detergent by microdialysis as
described in Materials and Methods. Negatively
stained EM preparations were scanned for the
occurrence of single particles that were neither
aggregated nor included in crystal growth. An
example of an image of single RC-LHI particles
obtained in the absence of detergent is shown in
Figure 3b.

In all, 788 images of single particles were col-
lected from 67 negatives as described in Materials
and Methods. A classi®cation run rejected 118
images and grouped the remaining 670 images
into four classes of 310, 202, 92 and 66 members.
An average image for each class was calculated as
shown in Figure 4. All four classes showed mainly
the same appearance. In all classes, a stain-exclud-
ing bright ring was observed, which we attributed
to the LHI ring. The differences between the four
classes concerned mainly the extent of stain around
the RC and were probably not signi®cant. All
classes showed the RC to be an elongated structure
that separates the LHI ring into two halves.
Figure 4i shows the rotational power spectrum
obtained for the outer electron density along the
LHI ring, as indicated in Figure 4a. The prominent
peak at 4 shows clearly a distortion of the ring
towards 4-fold symmetry.

Two-dimensional crystals of RC-LHI

Crystallisation was performed as described in
Materials and Methods. After completion of the
dialysis we found that the pH of the dialysis buffer
had changed from 7.9 to 9.8. Electron microscopic
images of negatively stained preparations of 2D
crystal preparations with a range of lipid-to-pro-
tein ratios (LPR) between 0.75 and 1.33 (mol DOPC
to mol LHI) are shown in Figure 5. Crystalline
membrane patches were observed that were cov-
ered to a varying extent with small pure lipid ves-
icles of about 100 nm diameter. Samples with LPR
of both much lower and much higher than 1.0
showed only a low density of pure lipid vesicles,
while sample with LPR close to 1.0 showed the
greatest amount of the vesicles. The quality of the
crystals found in a sample tube was always in
direct correlation with the density of these vesicles.
The best crystals were found in preparations with
the highest amount of phospholipid vesicles and
at a lipid to protein molar ratio of 1.0. Images
for structure reconstruction were recorded for
samples where the vesicles had been removed by
centrifugation.

Conventional image treatment of 2D
crystal images

Image treatment was done as described in
Materials and Methods. The result is shown in

Figure 2. SDS-PAGE analysis of puri®ed RC-LHI frac-
tions. a, The lanes show (from left to right): 1, DHPC-
solubilised membranes; 2, supernatant after ultracentri-
fugation following solubilisation; 3, the blue-green band
observed after the sucrose gradient centrifugation; 4 to
8, collected fractions of the DEAE±Sepharose column
during elution with 200 mM NaCl. The fraction in lane
6 was used for crystallisation. 9, Fraction obtained
during elution with 1000 mM NaCl. b, The protein pro-
®les obtained by grey-scale densitometry of the SDS-
PAGE gel are shown. The three heavy bands A (67 kDa),
B (61 kDa) and C (57 kDa) observed for the fraction
eluted with 100 mM NaCl as well as the RC subunits
(H, M and L) are indicated. The open circles indicate the
position of bands that stained positively for haem.
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Figure 6. The images show that the RC-LHI com-
plexes are arranged in a square lattice with the lat-
tice dimensions of 16.65(�0.1) nm, which is in
agreement with the observations by Walz & Ghosh
(1997), who obtained 16.3 nm as the lattice dimen-
sions. As observed by Walz & Ghosh (1997), the
adjacent RC-LHI complexes are arranged in a
head-to-tail packing with one face of the complex
apparently protruding into the aqueous layer. In
the preparation reported here, only small amounts
of negative stain were employed, thus visualising
the region between the carbon ®lm support and
the membrane surface. Objects protruding from
the membrane surface towards the support there-
fore appear lighter. As the RC of R. rubrum con-
tains only the cytoplasmically located H-subunit
and no tightly bound cytochrome subunit, we
have assigned the lighter, protruding face to the
cytoplasmic side (C) and the darker, ¯atter side to
the periplasmic side (P) of the RC-LHI complex in
Figure 6d. In the crystals analysed we found no
sign of ``empty'' LHI rings.

RC-LHI complexes appear to have a square-like
structure for the LHI ring on both sides of the
membrane. On the cytoplasmic side, the reaction
centre appears in the reconstruction mainly
rounded with a bias towards a 4-fold symmetry.
On the periplasmic side, the RCs show a low pro-
®le, which is at about the same height as the sur-
rounding membrane. Again there is a weak 4-fold
symmetry observable in its reconstruction
(Figure 6e). The rotational power of spectra
obtained for the electron density of the periplasmic
and cytoplasmic sides of the LHI rings are indi-
cated in Figure 6d and given in Figure 6g. The pro-
minent peak at the fourth rotational power again
indicates a 4-fold symmetry for the LHI ring. The
power spectrum for the periplasmic side and, to
some extent, that for the cytoplasmic side show a
stronger peak at 16, which we attribute to the 16
ab subunits in the LHI ring. Preliminary analysis
of the RC-LHI crystal structure by cryoelectron
microscopy with a continuous carbon ®lm revealed
a similar square-like structure, though at lower res-
olution (Figure 6h).

Figure 3. TEM images of puri®ed RC-LHI complexes. a, A negatively stained preparation shows the complexes
that frequently formed one-dimensional ``banana''-shaped aggregates (arrows). Isolated particles appear round in the
presence of detergent (a) and squarish in its absence (b). The latter is rare to ®nd, since most of the particles will be
aggregated. c, A cryoelectron microscope image of the same preparation as in a with detergent in the absence of
stain, using the holey carbon ®lm technique. Here, no conclusion can be made about the square or round shape of
the complexes, but one-dimensional aggregations of complexes are visible (arrows). Scale bars represent 100 nm. The
insets show selected particles at 4� magni®cation.
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Rotational single particle analysis of
2D crystals

The reaction centres within the crystal were
aligned as described in Materials and Methods.
The angular distributions of the completely free
and the 16-fold free rotational searches repeatedly
showed four clear maxima, separated by 90�
(Figure 7f). This result led us to assume that each
RC within the RC-LHI crystal has one of four poss-
ible orientations, thus enabling the possible
rotation angles to be ®xed to a multiple of 90�. The
resulting image for the periplasmic side of the reac-
tion centre is shown in the centre of Figure 7e. The
reconstructions for the neighbouring RCs in
Figure 7e remain as before, indicating no orien-
tation correlation among neighbouring RCs. This
procedure was applied separately to a set of
images centred around the bright RCs inserted in
the crystal, as well as to a set of images centred
around the darker RCs in the crystal, which we
assign to the cytoplasmic and periplasmic sides of
the RCs, respectively. A collage of both reconstruc-
tions of the cytoplasmic side is indicated in
Figure 8a by arrows. No local correlation between
neighbouring units was ever observed.

Attempts to rotationally align the masked LHI
rings alone resulted in no deviation of the closed
ring structure (data not shown).

Discussion

For highly puri®ed LHI from R. rubrum, the
B873 form has been shown to correlate exclusively

Figure 4. A projection average of single puri®ed RC-
LHI particles obtained by multivariate statistical anal-
ysis. Of 788 single particles, 670 were classi®ed into four
classes. The average of the images of each group is
shown in grey-scale (a to d) and in contour represen-
tation (e to h). The negative stain appears as dark, the
bright stain-excluding regions correspond to protein. No
symmetry was assumed during image treatment. The
scale bar in a represents 5 nm. The rotational power
spectrum for the electron density of the LHI ring, indi-
cated by a circular line in a, is shown in i.

Figure 5. TEM images of negatively stained crystallisation preparations with different lipid to protein ratios are
shown. In order to crystallise the puri®ed photounits, a series of lipid to protein ratios (LPR) were dialysed. The cor-
responding LPR values (mol DOPC/mol LHI) are indicated. The largest and most coherent crystals were obtained at
a molar ratio of about 1.0. The quality of the crystals was always correlated with the density of pure lipid vesicles.
At higher (LPR 0.75) and at lower (LPR 1.33) lipid to protein ratios than optimal, a lowering of the crystal quality
appeared to parallel the disappearance of small pure lipid vesicles. The scale bar represents 200 nm.
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Figure 6. The ``conventional'' analysis of the TEM images of 2D crystals of RC-LHI complexes. a, A TEM image of
a negatively stained 2D-crystal. b, The same image after Fourier-®ltering. c, The calculated diffraction pattern of a.
d and e, Projection maps calculated to 1.6 nm resolution from a, using the MRC software for image treatment show
the unit cell to contain two photounits, one facing the cytoplasmic side (marked with C) and one with the periplasmic
side towards the grid (marked with P). The cell dimensions are a � b � 16.65(�0.1) nm, which corresponds to a mean
diameter per photounit of 11.77(�0.07) nm. No symmetry operation was applied here. f, Projection map obtained
after 4-fold (p4) symmetrisation of the structure shown in d. g, The rotational power spectra calculated for the elec-
tron densities along the periplasmic and cytoplasmic sides of the LHI rings as indicated in d. h, Image reconstruction
from an RC-LHI crystal image recorded using cryoelectron microscopy with a continuous carbon ®lm support. Since
the crystal is mainly embedded in the vitri®ed suspension, the differences between the two orientations of the units
are less visible. This reconstruction has a worse resolution than d.
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with a vesicular aggregate of the complex (Ghosh
et al., 1988a,b; 1990). This has been con®rmed here
from images of negatively stained preparations
and by sucrose gradient centrifugation of the RC-
LHI complexes described here. The B869 form has
been observed for isolated LHI complexes after
rapid dilution of bOG-solubilised B820 complexes.
Images obtained from negatively stained LHI-B869
showed banana-shaped particles identical with

Figure 8. The results of the rotational RC-alignment.
The local angular distribution of the RCs is indicated in
a. One of four possible orientations, separated by 90�,
was allowed in this correlation search. No correlation
between the rotation angles of neighbouring reaction
centres was ever observed. Cytoplasmic and periplasmic
sides of the RC were treated independently. A collage of
the image treatment results is shown in b. The inset is
an RC-LHI model based upon the RC structure of R.
sphaeroides (Allen et al., 1987) and the projection map of
LHI of R. rubrum (Karrasch et al., 1995).

Figure 7. The scheme of the modi®ed image treat-
ment algorithm for rotational alignment of the RCs.
a, A series containing 2700 images was obtained by
cross-correlation methods; the ®rst three images are
shown to illustrate the method. The fourth horizontal
image is the average of the series. The direct average
of these images gives the so-called classical recon-
struction (topright corner). b, The images were
masked with a radius corresponding to the inner
diameter of the LHI ring. The masked images were
used to determine the rotation of each RC by cross-
correlation. Again, the average of this series is shown
as the last horizontal box. c, Using the angles
obtained from the masked images, the original
images were rotated accordingly (®rst three boxes in
c) and averaged (last box in c). The average of these
turned images gave the so-called rotational recon-
struction. d and e, The classical reconstruction and
the rotational reconstruction using a set of larger
images. f, The angular distribution of the masked
images. Four maxima are visible, separated by 90�,
indicating that the RC can occupy four fundamental
orientations within the RC-LHI crystal.
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those shown here for the RC-LHI complexes and
as demonstrated by Kessi et al. (1995). However,
we have observed repeatedly that any red shift of
the absorption peak maximum at 869 nm (B869)
towards 873 nm during the puri®cation is always
associated with a partial or complete large-scale
aggregation of photounits and is always fatal to
crystallisation. We have therefore selected con-
ditions for puri®cation and crystallisation where
the B869 form of the RC-LHI complex was predo-
minant if not exclusive.

In this study, we initially examined solubilised
and puri®ed single RC-LHI units by electron
microscopy. The images from negatively stained
preparations con®rmed the observations by Ghosh
et al. (1990) and Kessi et al. (1995) that the B873
and B869 forms of the solubilised RC-LHI com-
plexes corresponded to vesicular aggregates and
banana particles respectively. The solubilised par-
ticles showed a width of 6.8(�0.8) nm and a length
ranging from 12.8 nm to 40 nm. In our study, how-
ever, we were able to con®rm that the B869 to
B873 transition corresponds exclusively to the
aggregation of the B869 complex. Thus, sucrose
gradients employing less than 2 mM DHPC result-
ing in a red shift of the maxima at 869 mn were
always associated with an increase in the observed
density of the complex corresponding to that of
non-dissociated RC-LHI (B873). Bands isolated
from these gradients contained arrays of particles
as judged by TEM imaging after negative-staining.
The DHPC-solubilised banana RC-LHI particles
have the same appearance when examined by
cryoelectron microscopy with samples immobilised
in ice using the holey carbon ®lm technique
(Figure 3c). The images in cryoelectron microscopy
appear to be one-dimensional aggregates of par-
ticles of 12 to 15 nm widths.

TEM images of negatively stained photounits
without detergent displayed square-like particles
with an outer diameter of 11.0(�0.7) nm. This
apparent con¯ict with the observations by
Boonstra et al. (1994), who observed the RC-LHI
complexes of R. molischianum to be of cylindrical
shape, might be due to the lower resolution of the
data in R. molischianum, which were recorded in
the presence of detergent.

Our reconstruction indicates 16 ab subunits in
the LHI ring in good agreement with the LHI pro-
jection structure obtained by Karrasch et al. (1995);
see Figure 6g. We note that the latter study was
performed with wild-type LHI complexes, whereas
our study has employed a carotenoid-less mutant.
These data indicate that the presence of carotenoid
does not in¯uence the aggregation state of the
complex.

Perusal of the large number of images obtained
from negatively stained RC-LHI particles suggests
that the particles have a strong tendency to
adsorb with the cytoplasmic side facing towards
the supporting hydrophilic carbon ®lm. The simi-
lar orientation towards the support could explain
the fact that the major part of the scanned par-

ticles were classi®ed into similar classes. The
particles therefore show a projection in the recon-
struction that is comparable to the observed 2D
crystal projection for the cytoplasmic side of the
complexes.

Single particle alignment of the RC in the crystal
lattice of the LHI rings was done here for the ®rst
time. The RCs alone would be much too small to
allow a single particle treatment from negatively
stained preparations. Here, we had the peculiar
situation that the position of each RC was ®xed
and known quite accurately, thus leaving the
rotational angle as the only degree of freedom to
be determined. The alignment was greatly facili-
tated by the empirical ®nding that the RC was
restricted to four possible orientations in the
crystal.

We believe the RCs to have one of four poss-
ible orientations in the crystal because of the fol-
lowing reasons. (1) The ``classical'' reconstruction
of the 2D crystal structure using SEMPER or the
MRC program suite shows for the RC a square-
like structure, which indicates a superposition of
four discrete orientations. (2) Rotational alignment
of the RCs without the LHI rings, using either a
completely free or a 16-fold free rotation angle
shows an angle distribution containing four
peaks, each separated by 90�. (3) The analysis of
stained and unstained single RC-LHI particles
yielded a square symmetry with a non-symmetri-
cal projection for the RC. This can be explained
only if one assumes a ®xed orientation of the RC
towards one of the four sides of the LHI ring. As
the square-like LHI rings are inserted in the 2D
crystal in one of four orientations, this must hold
true for the RCs.

This analysis raises the question: is the
square-like shape of the LHI ring from the caro-
tenoid-less mutant an intrinsic property of the
ring or is it induced by the presence of a reac-
tion centre?

The unit cell packing observed in this study
of 2D crystals of the RC-LHI complex is essen-
tially identical with that presented by Walz &
Ghosh (1997), although the resolution obtained
in the latter study was somewhat less than that
shown here, only the conventional analysis (i.e.
non-rotated direct cross-correlational averaging)
was performed. Nevertheless, these authors
were able to demonstrate that 2D crystals
formed from the LHI complex in the absence of
reaction centre show a unit cell packing identi-
cal with those containing reaction centre. This
strongly suggests that the square packing is
determined exclusively by the interaction
between carotenoid-less LHI rings. The square
geometry of the rings in these complexes pro-
vides a simple explanation for the observation
that the reaction centre is located in the LHI
ring in one of four elementary rotations. Even
at the presently attainable resolution of the 2D
crystals shown here, the LHI ring shows an
elementary symmetry of 16 (Figure 6g). This
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indicates that the structure of the carotenoid-less
LHI ring is not fundamentally different from
that of the wild-type LHI complex and is also
composed of 16 ab pairs. If the geometry is
square however, then the ``diameter'' corre-
sponds to the length of a ``side'', which must
be smaller than the diameter of a circle com-
posed of the same number of subunits and the
``diagonal'' of the square must be correspond-
ingly larger. The distortion of the carotenoid-
less LHI ring (which even for the wild-type cir-
cular form is only just suf®cient to incorporate
a single reaction centre) to a square geometry,
might therefore force the reaction centre to
assume one of four orientations solely on the
basis of steric interactions. An equally likely
possibility is that the ®xed interaction of the
reaction centre with the LHI ring at a single
locus facilitates the distortion of the LHI ring at
that point when packed in a crystal.

A central question is: what factor causes a cir-
cular structure with perfect 16-fold to form a
square geometry? Clearly, a mechanism that
could explain this phenomenon is that the energy
of interaction between ab subunits is lowered at
four loci due to the presence of an additional fac-
tor, possibly a further protein species. A possible
candidate for the additional molecule(s) in the
LHI ring may be the 4 kDa polypeptide 

(Ghosh et al., 1994), as suggested previously
(Walz & Ghosh, 1997). Why four (or a multiple
thereof) additional protein subunits, possibly 
,
should bind at loci equidistant from each other,
cannot be answered at this time.

An alternative mechanism for the square geome-
try might be that the interactions between caroten-
oid-less LHI rings during the early stages of
crystallisation occurs with p4 symmetry and that
lateral pressure within the bilayer membrane
during the ®nal stages of crystallisation cause the
rings to distort to a square geometry. This hypoth-
esis is based upon the observation that for 2D crys-
tals from the wild-type LHI complex, a 4 to 6%
distortion from the unit cell was observed
(Karrasch et al., 1995) and it has been shown that
the carotenoid-less complexes are less stable than
those of the wild-type, suggesting a weaker inter-
action between ab pairs.

However, the observation that even single
particles of the RC-LHI complex show a square
geometry suggests that the latter hypothesis may
not be correct and that the square packing
observed in the crystal is a natural consequence of
packing of the individual square-like LHI ring
units. At this point, we still cannot answer the
question as to why the LHI and RC-LHI rings of
the carotenoid-less mutant appear to have a geo-
metry different from that of the wild-type. We
expect that studies of 2D crystals diffracting to
higher resolution will shed light on this question.

Materials and Methods

Chemicals

All chemicals were of the highest purity available and,
in general, were obtained from Fluka Chemie AG
(Buchs, Switzerland). Exceptions were: 1,2-diheptanoyl-
sn-phosphatidylcholine (DHPC from Avanti Polar
Lipids, Alabaster, AL); DEAE-Sepharose CL-6B (from
Pharmacia, DuÈ bendorf, Switzerland); b-octylglucoside
(bOG from BACHEM, Bubendorf, Switzerland).
Solutions for silver staining were from BioRad.

Growth of R. rubrum and preparation of
chromatophore membranes

The carotenoid-less Tn5 mutant R. rubrum ST2 (Wiggli
et al., 1996) was grown in 20 litre bottles in dim light and
under anaerobic heterotrophic conditions using Sistrom
medium A (Sistrom, 1977) as described (Saegesser et al.,
1992) and harvested as described (Wiggli et al., 1996).
They were quick-frozen in liquid nitrogen and stored at
ÿ80�C.

Purification of the RC-LHI complex

The solubilisation and puri®cation of the RC-LHI
complex was performed using a modi®cation of the
procedure of Kessi et al. (1995). Chromatophores were
suspended in buffer A (10 mM Tris-HCl (8.0), 150 mM
NaCl, and 2 mM MgCl2 to A873(1 cm) � 20 as measured
from a 20-fold diluted sample. Diheptanoyl-sn-phospha-
tidylcholine (DHPC) was added constantly over ten min-
utes to a ®nal concentration of 20 mM at room
temperature. The solution was allowed to equilibrate
with stirring for 20 minutes at room temperature. An
absorption spectrum showed that the absorption peak
maximum at 873 mn (B873) had shifted to 869 nm
(B869). The DHPC-solubilised RC-LHI particles were
obtained as the supernatant following ultracentrifugation
at 120,000 g for one minute at 4�C. The solubilised
material was loaded onto a sucrose gradient (0.4 M to
2.0 M) in buffer A containing 2 mM DHPC and the gra-
dient was then centrifuged for 36 hours at 100,000 g at
8�C. After centrifugation, a single band was visible at a
density corresponding to approximately 1 M sucrose.
The band was collected and applied to a DEAE-Sepha-
rose column, which had been equilibrated with buffer A
containing 2 mM DHPC. The column containing the
bound RC-LHI complexes was washed with two column
volumes of the equilibration buffer and the complexes
were eluted with the same buffer containing 200 mM
NaCl (elution buffer). Fractions were collected and
stored at 4�C.

To prevent photo-oxidation, all puri®cation and crys-
tallisation steps were done in dim light and under a
nitrogen-enriched atmosphere. All buffer solutions and
the sucrose gradients were purged with nitrogen gas
prior to use.

Two-dimensional crystallisation of the
RC-LHI complexes

For 2D crystallisation, approximately 200 mg of the
puri®ed photounits plus the phospholipid dioleoyl-sn-
phosphatidylcholine (DOPC) in a series of molar ratios
of DOPC to LHI from 0.75:1.0 to 1.33:1.0 were adjusted
to a volume of 100 ml with elution buffer. The con-
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centration of the stock suspension of phospholipids was
determined by the ammonium molybdate method.
The suspension was sonicated to clarity immediately
prior to mixing with the RC-LHI complexes obtained
directly from the DEAE-Sepharose column. Dialysis was
performed for six days at 8�C in microdialysis setups
against 2.4 ml of buffer B (50 mM NH4HCO3 (pH 7.9),
200 mM NaCl, 10 mM MgCl2) and containing 0.8%
(w/v) bOG. A second dialysis of seven days followed
against 2.4 ml of buffer B at 8�C. Crystallisation pro-
cedures were performed in a Plexiglas box, which
allowed the entire handling to be done in dim light and
under a nitrogen-enriched atmosphere. The 2D crystals
were separated from small vesicles by centrifugation at
13,000 g for one minute and carefully resuspending the
pellet in dialysis buffer. The crystals were ®xed onto
electron microscopy grids by the standard negative-
staining procedure or by plunge-freezing into liquid
ethane within eight hours after collection. Grids with
crystals older than 24 hours after collection showed sig-
ni®cantly worse diffraction in the microscope.

Preparation of single RC-LHI particles

For the microscopic imaging of detergent-free single
photounits, various amounts (10 to 200 mg) of the puri-
®ed material were directly dialysed against 2.4 ml of
buffer B for 14 days. The solution was then centrifuged
at 15,000 g for one minute in order to remove crystals
and aggregates. The supernatant was prepared by nega-
tive-staining and screened for single particles.

Absorption spectroscopy

Absorption spectra from various samples were
obtained between 250 nm to 900 nm with a JASCO 550
IR/VIS spectrometer equipped with a custom-built cuv-
ette-holder for the minimisation of stray light. Signal
detection was performed using photodiodes with
extended sensitivity in the near-IR region placed close to
the sample and reference cuvettes, respectively.

Preparation of samples for SDS-PAGE

The protein concentration of the samples was deter-
mined by a modi®ed Lowry method for the analysis by
SDS-PAGE of membrane protein (Peterson, 1977).

Samples were precipitated by the addition of three
volumes of 75% (v/v) methanol, allowed to equilibrate
at room temperature for 20 minutes, then centrifuged at
15,000 g for 20 minutes. After removal of the super-
natant, the pellet was resuspended in 20 ml of 60 mM
Tris-HCl (pH 6.8), 5% (v/v) glycerol, 2% (w/v) SDS,
0.003% (w/v) bromphenol blue, 10 mM EDTA, 200 mM
dithiothreitol, then vortex-mixed for 30 seconds, heated
to 95�C for 90 seconds and vortex-mixed again for
30 seconds. The supernatants were centrifuged for ®ve
minutes at 15,000 g, then analysed by SDS-PAGE accord-
ing to Laemmli (1970). Visualisation was performed by
Coomassie Blue R250 staining, sliver staining (BioRad)
and haem staining (Thomas et al., 1976; Goodhew et al.,
1986).

Transmission electron microscopy

Drops of 3 ml of the solutions were applied onto car-
bon-coated 400-mesh copper grids that had been ren-
dered hydrophilic by glow discharge. The drops were

allowed to adsorb onto the carbon ®lm for between ®ve
seconds and ®ve minutes, depending on the quantity of
material in the solution. This was performed in dim light
and in a humid atmosphere to avoid evaporation. For
negatively stained, grids, the drop was blotted from the
edge of the grid and then stained with 2% (w/v) uranyl
acetate (pH 4.2) without prior washing. After ten
seconds the grid was blotted from the edge, air-dried
and stored under vacuum.

For cryoelectron microscopy, a 3 ml drop was applied
to a copper grid that had been covered with a platinum-
coated holey carbon ®lm. The drop was blotted for three
seconds with ®lter-paper touching the grid surface.
Alternatively, a continuous carbon ®lm-coated grid was
used, which had been rendered hydrophilic by glow dis-
charge. A drop was allowed to adsorb onto the carbon
®lm for between ®ve seconds and ®ve minutes and
blotted for one minute in a humid atmosphere. The grids
were then plunged immediately into liquid ethane, kept
at its freezing point by liquid nitrogen and stored in
liquid nitrogen (Adrian et al., 1984; Dubochet et al.,
1988).

Transmission electron microscopy (TEM) was carried
out with a Philips CM12, operated at 80 kV with an
objective aperture of 100 mm always in place. Negatively
stained grids were examined using a standard room tem-
perature holder. Grids for cryoelectron microscopy were
transferred to a Gatan 626 cold stage and examined at
ÿ172�C. Images were recorded under low-dose con-
ditions at nominal magni®cations of 45,000� on Kodak
SO-169 plates, which were developed in D19 standard
developer for ten minutes. The electron dose for acquir-
ing an image was between 500 and 1000 electron/nm2.

Image treatment

Micrographs were examined with an optical diffract-
ometer (Aebi et al., 1973) and suitable areas were digi-
tised using an Eikonix 850 CCD imaging camera. The
pixel size corresponded to 0.36 nm in the specimen
plane, the digitised images contained 4096 � 4096 pixels.

Single particles

Images of single particles were treated using the
programs SPIDER and WEB (Frank et al., 1985;
Radermacher, 1988). The reference-free algorithm of
Penczek et al. (1992) was used for particle alignment. The
images were classi®ed using multivariate statistical anal-
ysis methods and averages of each class were calculated
(Van Heel, 1984; Frank et al., 1987; Harauz et al., 1988).

2D crystals

``Classical method''. Images were treated using the cross-
correlation method with SEMPER6 (Saxton et al., 1979;
Saxton, 1996) as described by Walz et al. (1994). In paral-
lel, a software package distributed by the MRC
(Cambridge, UK) was employed (Henderson et al., 1986,
1990).

Rotational single particle analysis of 2D crystals. To
correct for the differing orientations of the RCs in each
LHI ring, a new image treatment was developed,
which is essentially a combination of the methods
described above. To obtain the exact locations of the
RC-LHI unit cells in the crystal, the raw image of
4096 � 4096 pixels was unbent with the unbending
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routine from the MRC software package. This unbent
image was then treated with SEMPER6. Fourier-®lter-
ing produced an approximate reference image for the
RC-LHI structure, which was used for a cross-corre-
lation search in the image. The peaks in the cross-cor-
relation map indicated the exact locations of the RC-
LHI unit cells with the still non-oriented RCs. The
obtained list of co-ordinates together with the unbent
image were then used in the program SPIDER. A win-
dowing operation cut, at each indicated unit-cell
location, a small image of 128 � 128 pixels. This pro-
duced a set of a few thousand small images that were
each exactly centred over one RC-LHI unit cell.

This set of images was rotationally aligned using an
individual rotation angle for each image. This corre-
sponds to a single particle treatment with exactly known
lateral positions and the rotation angle as the only
degree of freedom. This missing rotation angle was
determined by cross-correlation against a reference. In
order to be in¯uenced only by the RC's orientation, the
LHI rings and the rest of the images were covered by a
circular mask that had a diameter corresponding to the
inner border of the LHI ring (Figure 7b). The masked
images were then rotational cross-correlated against a
reference. The optimal rotation angle was determined for
each small masked image. This set of angles was then
used to rotate the original, unmasked set of small images
(Figure 7c). The rotated images of this set were then
averaged, resulting in the rotationally corrected recon-
struction (Figure 7e).

For the rotational cross-correlation of the masked
small images, several different references were tested.
The result of the single particle treatment or one repre-
sentative member of the set of small images or arbitrarily
created synthetic patterns was used. Also, a reference-
free alignment procedure as described (Penczek et al.,
1992) was employed. The aligned images resulted in a
reconstruction, which was recursively used as the new
reference until the obtained reconstructions had con-
verged to a ®nal structure. During the rotational align-
ment, different border conditions were allowed: the
rotational angles were allowed to have any free value or
a multiple of 360�/16 or a multiple of 360�/4.

In further trials, the outside and the inside of the LHI
rings were masked in order to look for inhomogeneities
in the LHI ring alone. Such an inhomogeneity might, for
instance, be a gap in individual non-oriented LHI rings,
which would not be detectable by conventional image
treatment on 2D crystals due to averaging.

Rotational power spectra

The grey-scale distribution obtained for the electron
density along the LHI ring (a circular line) was trans-
formed into polar coordinates, Fourier-transformed, and
the power spectrum was calculated using the program
SEMPER6.
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