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Summary

The purple phototrophic bacteria synthesize an
extensive system of intracytoplasmic membranes
(ICM) in order to increase the surface area for absorb-
ing and utilizing solar energy. Rhodobacter sphaeroi-
des cells contain curved membrane invaginations. In
order to study the biogenesis of ICM in this bacterium
mature (ICM) and precursor (upper pigmented band —
UPB) membranes were purified and compared at the
single membrane level using electron, atomic force
and fluorescence microscopy, revealing fundamental
differences in their morphology, protein organization
and function. Cryo-electron tomography demon-
strates the complexity of the ICM of Rba. sphaeroides.
Some ICM vesicles have no connection with other
structures, others are found nearer to the cytoplasmic
membrane (CM), often forming interconnected struc-
tures that retain a connection to the CM, and possibly
having access to the periplasmic space. Near-
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spherical single invaginations are also observed, still
attached to the CM by a ‘neck’. Small indents of the
CM are also seen, which are proposed to give rise to
the UPB precursor membranes upon cell disruption.
‘Free-living’ ICM vesicles, which possess all the
machinery for converting light energy into ATP, can
be regarded as bacterial membrane organelles.

Introduction

All cells require a source of energy, usually provided by
membrane—protein complexes housed by the internal
membranes within an organelle. Some bacteria also
contain intracytoplasmic membranes (ICM), which in some
cases resemble the elaborations of membranes found in
mitochondria and chloroplasts (Niederman, 2006). The
morphology of such energy-yielding membranes is driven
by the requirement to increase the membrane surface area
for the membrane-bound enzymes that mediate electron
and proton transfers. In the case of photosynthetic prokary-
otes, which form part of the phytoplankton that carry out a
significant proportion of global photosynthesis (Field et al.,
1998), there is an additional requirement arising from the
scarcity of light, especially deep in the oceans, which
demands that the surface area for light absorption is
greatly increased. Oceanic cyanobacteria such as
Prochlorococcus, which grow to depths of over 100 m
(Johnson et al., 2006), contain up to five tightly appressed,
concentric layers of ICM, which house the light-gathering
chlorophyll-protein complexes. Cryo-electron tomography
of Prochlorococcus cells shows that these internal mem-
branes are interconnected (Ting et al., 2007), similar to the
highly connected membrane networks observed in two
other cyanobacterial species, Synechococcus elongatus
PCC 7942 and Microcoleus sp. (Nevo et al., 2007).
Given the functional importance of the internal mem-
branes of photosynthetic bacteria it is important to under-
stand the inception of membrane growth. The ICM of the
purple phototrophic bacterium Rhodobacter sphaeroides
provide a well-characterized system for studying mem-
brane biogenesis. The organization and connectivity of
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chlorophyll—protein complexes in the native ICM of Rba.
sphaeroides has been mapped to high resolution by
tapping mode atomic force microscopy (AFM) (Bahaty-
rova et al., 2004a), and has also been probed extensively
by spectroscopic methods (Hunter et al., 1985; Vos et al.,
1988; Frese et al.,, 2000; 2004). Finally, a combination of
AFM, cryo-electron microscopy (cryo-EM), nuclear mag-
netic resonance (NMR) and spectroscopic approaches
has been used to construct an atomic model of a single
ICM vesicle, consisting of approximately 150 membrane
protein complexes (Sener et al., 2007). The sites of initia-
tion of membrane budding and vesicle formation were
discovered by Niederman and co-workers, who isolated
an upper pigmented band (UPB) which sediments
through sucrose-density gradients more slowly than ICM
vesicles during rate-zone centrifugation. They used pulse-
chase radiolabelling to demonstrate a direct precursor—
product relationship between the UPB and ICM fractions,
suggesting that the UPB membranes contain sites of ini-
tiation of membrane invagination, derived from the cyto-
plasmic membrane (CM), which is closely appressed to
the cell wall (Niederman et al., 1979; Inamine et al., 1984;
Reilly and Niederman, 1986). The biosynthetic role of
these UPB membranes was also established by a series
of functional studies (Hunter et al., 1979a,b; Bowyer et al.,
1985; Koblizek et al., 2005).

Here, cryo-electron tomography has been used to
investigate the three-dimensional (3-D) internal mem-
brane structure of Rba. sphaeroides cells. We have iden-
tified several classes of ICM, a number of which have
budded off and separated completely from their point of
origin at the CM and exist as a true bacterial organelle, a
vesicle of approximately 50 nm in diameter that can carry
out the core function of the cell, namely the conversion of
solar energy into ATP. The curved sites of initiation of
membrane budding, clearly defined in situ by the tomo-
graphic analysis and also purified from UPB fractions,
retain their curvature following purification and analysis
by transmission electron microscopy (TEM). AFM has

A B

revealed the organization of the protein complexes within
these membrane initiation sites; confocal microscopy and
spectral analysis of the fluorescence emission from
single-membrane fragments shows that there is a lesion
in the functional associations of LH complexes embedded
in the precursor membrane.

Results

Pulse-chase analysis confirms a precursor—product
relationship between UPB and ICM structures in
Rba. sphaeroides

Disruption of photosynthetically grown Rba. sphaeroides
cells in a French press, followed by rate-zonal centrifuga-
tion on sucrose gradients, yields two pigmented mem-
brane fractions (Fig. 1A). Pulse-chase radiolabelling with
[S%*] methionine was carried out in order to align our
experiments with earlier studies which demonstrated
that the upper and lower membrane bands have a bio-
synthetic relationship, and originate from immature and
mature membranes respectively (Niederman et al., 1979;
Inamine etal., 1984; Reilly and Niederman, 1986).
Figure 1B shows that a short pulse of radiolabel is incor-
porated almost instantaneously into the UPB membrane,
with a subsequent decline over the 250 min time-course
of the chase with unlabelled methionine. In contrast, a
significantly lower level of radiolabel is incorporated into
the ICM fraction and the extent of labelling rises during the
chase. Thus, we observe a precursor—product relation-
ship between the UPB and ICM fractions (Fig. 1B). When
a protein synthesis inhibitor (chloramphenicol) is added
along with the chase, the [S®] methionine label persists
in the UPB fraction (Fig. 1B, black dotted line). Therefore,
ongoing protein synthesis is required to convert these
UPB sites of incorporation of radiolabel to a more invagi-
nated ICM structure. These results are in agreement with
previous studies (Niederman et al., 1979; Inamine et al.,
1984; Reilly and Niederman, 1986) and demonstrate that

Fig. 1. Rate-zone ultracentrifugation
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characteristics of a cell extract from Rba.
sphaeroides and pulse-chase activity of
isolated membrane fractions.

A. Separation into ICM and UPB membrane
fractions by rate-zone ultracentrifugation on a
5-35% w/w sucrose gradient, following cell
disruption.

B. Pulse-chase labelling characteristics of
isolated membrane fractions using
S%-labelled methionine. After addition of the
chase with unlabelled methionine at time
zero, the level of radiolabel in the UPB
fraction decreases (blue line), concomitant
with the increase in ICM radiolabelling (red
line). In a chloramphenicol-treated culture the
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level of radiolabel in the UPB fraction remains
relatively constant (black dotted line).
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Fig. 2. Transmission electron microscopy of
isolated ICM and UPB membranes. The
upper row depicts five electron micrographs of
typical images of the UPB (1—4) and ICM (5).
The white features are likely to be the
protein-rich lipid bilayer viewed nearly
edge-on. The lower row shows cartoon
interpretations of the EM images where the

— i

upper cartoon corresponds to the observed
shape of the isolated membrane and the
lower one is a hypothetical interpretation of
the shape viewed along the plane of the grid.
All boxes represent a 100 x 100 nm square
from each EM image.

the UPB membrane, used for the present structural and
functional work, is derived from sites of ICM assembly
where budding of the CM is initiated.

The precursor and mature membranes retain distinct
morphologies in the purified state

It is not immediately obvious why the mature and the
precursor membranes form distinct membrane bands
upon rate-zone sedimentation through sucrose gradients,
a fortuitous separation which is an essential first step in
identifying the biosynthetic relationship between these
membrane fractions. TEM was used to identify any mor-
phological differences between the membranes in the
upper and lower bands that could form the basis for this
separation in sucrose density gradients. First, contami-
nating CM, ribosomes and loosely associated proteins
were removed from the UPB sucrose gradient fraction
using a further round of sucrose gradient ultracentrifuga-
tion. The physical shapes of the purified membranes
were analysed using TEM, and then AFM was used to
determine the arrangements of photosynthetic complexes
within isolated individual UPB and intracytoplasmic
membranes.

Transmission electron microscopy of purified, negatively
stained UPB membranes yielded a variety of images; an
example of each class of projection is shown in Fig. 2
columns 1-4. More images are displayed in Fig. S1 in
Supporting information. Images 1 and 2 represent side-on
or partially side-on projections, which show an open,
hollow, hemispherical membrane structure with a convex
external surface; such images are never observed in the
ICM fraction. Figure 2 columns 3 and 4 show the convex
upper surface and concave inner surface of the UPB
membranes respectively. This view also confirms
the hollow hemispherical nature of the UPB membranes,
which allows pooling of stain in the centre and leads to
high contrast with the relatively poorly staining rim. Some
heterogeneity in the size of this precursor membrane is
apparent in these images. Figure 2 column 5 shows a
representative projection of a flattened ICM vesicle which

differs from UPB membranes in two significant ways: first,
only one class of projection is largely seen, suggesting that
these negatively stained membranes originate from a
closed spherical structure, approximately 50 nm diameter,
and, second, ICM vesicles have a more homogenous size,
in marked contrast with the more variable UPB membrane.
The ~100 nm diameter of the flattened structure in Fig. 2
column 5 strongly suggests that the 50 nm-diameter
vesicles collapse during the desiccation process prior to
EM imaging, leading to a flattened ovoid shape; see the
cartoon representation in Fig. 2 column 5. We suggest that
the contrasting morphologies of UPB membranes and ICM
vesicles give rise to the separation into two distinct bands
during rate-zone sedimentation, and that this difference
reflects their varying cellular origin, with the UPB mem-
branes breaking away from their CM anchoring points
during French press treatment, and a substantial propor-
tion of the ICM vesicles being liberated from the cytoplasm
in their native spherical state. Another portion of the ICM
vesicles would be expected to arise from the membrane
continuum which, when disrupted, fractures at connecting
vesicle necks into structures indistinguishable from those
that have naturally budded off, as confirmed by the
observed uniformity of ICM vesicle sizes.

Identification of light-harvesting LH2 and RC-LH1-PufX
complexes in AFM topographs of single UPB and ICM

In order to investigate the protein organization of these
two types of purified membrane further, AFM was used to
image the topology of membranes adsorbed onto a mica
support under liquid, at near-native conditions of pH, tem-
perature and ionic strength. We found that UPB mem-
branes adsorb poorly onto the mica substrate, possibly
because only the rim of the curved membrane patch
makes contact with the surface. This poor adhesion leads
to a tendency of the membrane to move during imaging,
which necessitates the use of very gentle tapping mode
AFM. In the case of ICM, treatment with very low concen-
trations of detergent [0.01% (w/v) B-dodecyl maltoside]
was required to open the vesicles so that patches

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 76, 833—-847
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Fig. 3. Atomic force microscopy of individual UPB and intracytoplasmic membranes.

A and B. Three-dimensionally rendered AFM height images of (A) a UPB membrane and (B) an ICM patch, each adsorbed to a mica surface.
In each panel, a black arrow indicates a light-harvesting LH2 complex. Each blue line represents a 50-nm-height profile across the surface of
the membrane, centred upon a dimeric RC-LH1-PufX complex. The height data are displayed in (C) and (D) respectively. (A) and (B) are
segments from data collected at 512 x 512 pixels. The full z range, as depicted by the blue to red spectrum bar, is 11 nm for (A) and 7 nm for

(B) and the scale bars are 50 nm.

C and D. Height profiles of a single dimeric RC-LH1-PufX complex, in (C) a UPB and (D) an ICM patch. It should be noted that the heights
are relative to the surface of the membrane in each case and not to the underlying mica substrate. The average centre-to-centre separation of
the highest point of the RC-H subunits is 8.8 = 0.7 nm (n=9) for the UPB patch in (A) and 7.8 = 1.1 nm (n=24) for the ICM patch in (B).

E. Diagram showing the structure of the core dimer complex from data in Qian et al. (2005; 2008) (left) alongside a schematic of the same
complex; the effect of a slight flattening of the complex is to lower its height above the mica surface, as well as to shorten the separation
between the highest points of the RC-H subunits. This effect is seen in both membranes, but is more marked in the case of the ICM patches

(right), than in the UPB patch (middle).

consisting of one membrane bilayer can adsorb and
flatten onto the mica support.

Medium-resolution AFM topographs of the UPB and
intracytoplasmic membranes are displayed in Fig. 3A and
B. A 3-D representation of the cytoplasmic surface of an
individual UPB membrane adsorbed onto mica is com-
pared with a patch from an ICM vesicle. The full zrange in
each image, depicted by the blue-to-red bar, is 11 nm in
Fig. 3A and 7 nm in Fig. 3B. The most strongly protruding
structures, in red, are dimeric proteins, and the other major
protein molecules in each membrane are circular com-
plexes approximately 8 nm in diameter with typical
examples highlighted with black arrows. By analogy with
earlier AFM work on Rba. sphaeroides membranes
(Bahatyrova et al., 2004a; Olsen et al., 2008) and struc-

tural studies on purified complexes (McDermott et al.,
1995; Walz et al., 1998; Scheuring et al., 2003; Bahatyrova
etal.,, 2004b; Liu etal.,, 2008) the circular topographic
features are assigned as light-harvesting LH2 complexes.
The dimeric features in the AFM topographs arranged in
rows (red in Fig. 3A and B) are assigned as RC-LH1-PufX
complexes. Previously, we purified this complex, deter-
mined its projection structure using cryo-EM and used
single particle reconstruction from negatively stained
images to obtain a low-resolution 3-D structure for the
RC-LH1-PufX dimer (Qian et al., 2005; 2008). The pre-
dicted height, derived from these structural and modelling
studies of the RC-LH1-PufX core dimer, from the lowest
part of the surrounding LH1 ring on the periplasmic face to
the highest point on the RC-H subunit is 11.2 nm, and the

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 76, 833—-847



distance between the highest points of the two RC-H
subunits within a dimer is 10.8 nm. Two sections (the blue
lines in Fig. 3A and B) across representative core dimers
are shown in Fig. 3C and D. The average height of each
RC-H subunit with respect to the mica substrate is
10.1 £ 0.5nm (n=10) in Fig.3A and 8.1 £ 0.9 nm
(n=44) in Fig. 3B. We measured an average centre-to-
centre separation of 8.8 = 0.7 nm (n = 9) for the dimers in
the UPB patch in Fig. 3Aand 7.8 = 1.1 nm (n = 24) for the
ICM patch in Fig. 3B. These variations in heights and
distances between the values predicted from the structural
model and those measured in UPB and intracytoplasmic
membranes are likely to arise from a flattening of the bent
dimer structure for both the UPB and ICM and possibly also
deformation of the C-terminal region of the o polypeptides
of the portion of the LH1 ring that is in contact with the mica
in the ICM sample. The two halves of the purified RC-LH1-
PufX dimer are inclined at an angle of 146° (Qian et al.,
2008); we calculate that an increase to 152° would be
sufficient to account for the UPB measurements. This
process brings the RC-H subunits approximately 2 nm
closer together, and lowers the heights of these subunits
above the mica surface by between 0.2 nm (UPB; Fig. 3E,
middle) to 0.6 nm (ICM; Fig. 3E, right). The difference
between these measurements reflects the greater curva-
ture of the UPB membrane on mica, compared with the
ICM where the more extensive LH2-rich membrane
regions surrounding the dimers promote stronger adhe-
sion, and hence flattening, onto the mica surface. Given
the differing environments of the core dimer complex,
either as detergent-purified isolated complexes (Qian
et al., 2005; 2008), or as an in situ complex in a membrane
fragment, there is reasonable correspondence between
the structural and AFM data. We conclude that RC-LH1-
PufX dimers are present in both the UPB precursor and
ICM mature membranes.

The topograph of an ICM patch in Fig. 3B shows that
there are more LH2 molecules present than in the UPB,
in agreement with absorption spectra of bulk membrane
samples (Hunter etal, 1979a). There are rows of
RC-LH1-PufX dimers (red), which act as the recipients
for solar energy initially absorbed by the smaller LH2
rings, one of which is indicated by an arrow. The UPB
membrane, imaged here for the first time by AFM, is less
well defined than the ICM in terms of readily recogniz-
able LH2 and RC-LH1-PufX dimer complexes. Neverthe-
less, the AFM topograph in Fig. 3A shows that the
RC-LH1-PufX complexes have dimerized and are orga-
nized into a single linear array. Computational studies
have shown that a RC-LH1-PufX dimer molecule
imposes curvature on the surrounding lipids (Hsin et al.,
2009); the presence of several dimers in the UPB
(Fig. 3A) suggests that one of the early events in the
biogenesis of the ICM of Rba. sphaeroides is the promo-

Membrane biogenesis in Rba. sphaeroides 837

tion of membrane curvature by the combined effects of
several closely packed dimers.

Spectral fluorescence imaging of isolated membranes
demonstrates a lesion in excitation energy transfer in
the immature UPB fraction

Although AFM reveals the organization of the protein
complexes that comprise UPB membranes and ICM
vesicles, the lateral resolution of this technique is not
sufficient to allow predictions of energy transfer charac-
teristics unless there are clear separations between
complexes. Forster resonance energy transfer (FRET) is
better suited to reveal subtle changes in coupling between
proteins, because of the strong, sixth power distance
dependence of the resonance energy transfer process
(Piston and Kremers, 2007). FRET is used often as an
indicator of proximity between donor and acceptor pro-
teins, most commonly employing fluorescent labelling
with either dyes or proteins to compensate for the lack of
intrinsic chromophores in the system under study. For
photosynthetic complexes, the chlorophyll chromophores
are ideally suited to act as reporters for the associations
between membrane protein complexes, using a FRET-
based approach.

In order to compare immature UPB and mature ICM, in
terms of energy transfer from LH2 to LH1 complexes,
isolated membranes were immobilized onto a glass slide
coated with N-{3-(trimethoxysilyl)propyl]-ethylenediamine.
We used a home-built confocal fluorescence microscope
(Kassies et al., 2005) which focuses 800 nm light from a
diode laser onto the membranes. The rationale of the
experiment is that 800 nm excitation delivers energy to the
LH2 complexes present in the membrane; if these com-
plexes are connected to one another and to the RC-LH1-
PufX complexes, the excitation energy will migrate through
a series of FRET steps in an energetically ‘downhill
manner, and will eventually be emitted from the LH1 com-
ponent of the RC-LH1-PufX complexes. If there is a lesion
in energy transfer caused by a physical interruption of
energy migration pathways, then there will be dispropor-
tionately more emission from the ‘uphill’ LH2 complexes.
The fluorescence signal was detected with a liquid
nitrogen-cooled CCD camera which records a complete
emission spectrum for every pixel in the image. The fluo-
rescence images of discrete UPB membranes and ICM
vesicles are displayed in Fig. 4; each membrane appears
as ared patchin Fig. 4Aand B. The size of each patch does
not correspond to the actual size of a given membrane,
since each fluorescence image is diffraction-limited to
approximately 400 nm. Figure 4, panels C and D, shows a
typical fluorescence emission spectrum from either a
single UPB membrane or an ICM vesicle (emission profile
in blue), compiled from all of the pixels that comprise a

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 76, 833—-847
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UPB precursor

ICM mature

Fig. 4. Spectral fluorescence imaging of
FRET in individual UPB membranes and ICM
vesicles.

A and B. Confocal microscope images of
immobilized, fluorescent UPB and ICM
respectively.

C and D. Examples of normalized
fluorescence emission spectra of membranes
in (A) and (B) (blue lines). Emission spectra
of purified membranes from an LH2-only
mutant (green line), and from an LH1-only
mutant (red line) are included as controls.

E and F. LH2/LH1 emission ratio for a series
of individual UPB membranes and ICM
vesicles; the analysis was not restricted to the
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membranes highlighted in (A) and (B). Green
is the relative emission from LH2; red the
emission from LH1, calculated from the
spectra represented by blue lines in (C) and
(D).
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particular membrane image. We also recorded fluores-
cence emission spectra as controls, with purified LH2-only
membranes (emission profile in green, to represent the
extreme case of no LH2-to-LH1 transfer), and LH1-only
membranes (emission profile in red, to represent the other
extreme where all the energy from LH2 is transferred to,
and emitted by, LH1).

There are very clear differences between the UPB and
ICM. The fluorescence emission spectrum for one of the
ICM vesicles (Fig. 4D) closely matches that of the red LH1
control, indicating that most of the excitation energy deliv-
ered to the membrane emerges from the terminal emitter,
LH1. In contrast, the emission maximum of the UPB mem-
brane (Fig. 4C) is clearly shifted to lower wavelengths and
no longer matches the LH1 emission spectrum. This arises
because there is now a greater contribution from LH2
emission, indicating that some of the LH2 complexes in the
UPB membrane are uncoupled from their LH1 energy
acceptors.

The data from seven membrane patches (UPB) or
seven vesicles (ICM) are summarized in the histograms in
Fig. 4E and F. A fitting routine was implemented in which
the measured emission spectrum for each membrane
patch was fitted as a linear combination of spectra from
LH2-only and LH1-only membranes. The data have been

4

5 6 T

Membrane patch

normalized, but allow a comparison of the relative extents
of fluorescence emission from immature and mature
membranes. It is clear that there is a consistency from
membrane to membrane in the case of mature ICM and
also that the major emission in each membrane is from
LH1 (red bars, Fig. 4F; data from only 7 of the 14 mem-
branes are shown), because of efficient energy transfer
from LH2. The average percentage emission from LH2 is
15.3 = 4.3 and from LH1 it is 84.7 = 4.3 (n=14). For the
immature UPB membranes, however, the lesion in FRET
between LH2 and LH1 produces much higher relative
emission from LH2 complexes (green bars, Fig. 4E). For
the UPB membranes examined the average percentage
emission from LH2 is 65.3 = 8.8 and from LH1 it is
34.7 £ 8.8 (n=7).

Identification of budded invaginations of the CM, and
‘free-living’ ICM organelles in the bacterial cytoplasm

The data show that UPB and ICM represent distinct stages
in membrane budding, and that they have different mor-
phologies in their purified state, with the UPB precursor
membrane forming open, near-hemispherical discs, in
marked contrast to the spherical ICM vesicles. The extent
to which these differences reflect their respective mor-

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 76, 833—-847
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Fig. 5. Cryo-electron tomography of frozen-hydrated sections of Rba. sphaeroides cells. Sequential but non-consecutive images (1-6),
processing along the z-axis, sampling approximately 60 nm of a 150-nm-thick tomographic volume of a frozen-hydrated Rba. sphaeroides cell
section. Dashed green arrows denote the position of a vesicle that appears in later images and its position after it no longer appears in the
tomographic slice; solid green arrows indicate the vesicle when it is clearly visible in a particular cryo-section. Scale bars, 100 nm.

phologies in vivo can only be determined by electron
tomography of photosynthetically grown Rba. sphaeroides
cells frozen in a near-native state, with no dehydration,
flattening or negative staining. Accordingly, frozen-
hydrated cells were cryo-sectioned to yield ribbons of
70 nm nominal thickness, and tilt series from —60° to +60°
in 1° tilt increments were acquired. The reconstructed 3-D
tomogram volumes reveal well-contrasted internal mem-
branes that correspond to the purified UPB and ICM frac-
tions. Figure 5 shows a sequential, but non-consecutive,
series of ~1.8 nm sections along the z-axis processing
through the tomographic volume, which is approximately
150 nm thick. The vesicle locations are indicated by green
arrows; in each case a dashed arrow identifies the location
of vesicle that subsequently appears in the following
panels, at which point it is denoted using a solid arrow.
Finally, the resumption of a dashed arrow shows that the
tomographic section has moved through that particular
vesicle, and it is no longer visible. Images 1-6 in Fig. 5 are
stills from a movie which is included in Supporting informa-
tion; they sample only part of the tomographic volume, and
account for approximately 60 nm in the z direction, of the
150 nm total. We observed a small amount of compression
of the vesicles along the cutting axis, so these stills process
through enough of the tomographic volume to pass com-
pletely through an ICM vesicle. We conclude that the
internal membranes within this cryo-section taken from the
interior of the cell are spherical with a diameter of ~50 nm
and that they are not attached to the CM, which is closely
appressed to the cell wall. It appears that the cytoplasm is
occupied by numerous membrane vesicles which house
the membrane protein complexes that convert light into

ATP, namely the LH2 light-harvesting complex, the
RC-LH1-PufX core dimer complex, the cytochrome bc;
complex and the ATP synthase.

In order to extend our knowledge of internal membrane
structure in this bacterium cryo-electron tomography was
performed on plunge-frozen whole cells. The thickness
and shape of the whole cells prevented the use of high tilt
angles during acquisition, so a tilt series from —45° to +45°
was acquired, in 2° tilt increments, which resulted in
selectively poorer resolution along the z-axis. As a result,
we could only resolve features in the thinner sample
areas, relatively close to the CM, which is closely
appressed to the cell wall. Nevertheless, it is clear from
examining two 1.8-nm-thick slices from the tomogram
volume (Fig. 6A) that there are near-spherical budded
membrane structures joined to the CM by a ‘neck’ (red
arrows) prior to budding and complete separation to form
the spherical structures (green arrows).

Figure 6A shows two frames from the whole cell tomo-
gram; a more complete analysis of the membrane archi-
tecture was enabled by manual segmentation of the
tomogram volume. As mentioned previously the data
acquisition limitations imposed by using intact, whole cells
confined the segmentation to membranes near to the cell
wall, so the organization of more centrally located mem-
branes could not be resolved. Due to the limited tilt series
used during data acquisition, missing wedge artefacts are
apparent in the tomogram volume. These can be
observed as an anisotropic degradation of resolution,
resulting in a smearing of information along the z-axis and
lending a columnar aspect to the internal membrane
vesicles. A surface-rendered model of the internal mem-

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 76, 833—-847
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A

branes close to the CM was manually segmented
(Fig. 6B). Four orientations of this 3-D model are shown,
which reveal several types of internal membrane struc-
ture, from membranes early in the budding process (dark
green), to ICM structures that retain only an indirect con-
nection with the CM anchor point (purple and orange/
pink). Moving from the thin periphery (UPB/ICM) to the
interior (only ICM), however, the increased sample thick-
ness hinders our ability to resolve internal features. Thus,
it is difficult to definitively assign ‘true’ ICM with the clarity
seen in Fig. 5, which was obtained from tomographic
analysis of a frozen-hydrated cell section. Although most
of the vesicles within the whole cell tomographs cannot be
resolved we estimate that, based on diameters in the
range 50-55 nm and the vesicle distribution in the cyto-
plasm, there will be approximately 300 vesicles per cell in
the cells examined.

Fig. 6. Cryo-electron tomography of
plunge-frozen Rba. sphaeroides cells.

A. Two non-consecutive 1.8 nm slices through
the tomogram volume are presented. Red
arrows indicate membrane invaginations
contiguous with the CM. Green arrows
indicate budded vesicles apparently fully
detached from the CM. Magenta arrow — cell
wall; pale blue arrow — CM. Scale bar,

100 nm.

B. Four orientations of a three-dimensional
model of the partial internal membrane
structure of Rba. sphaeroides, generated by
segmentation of a tomogram volume. The cell
wall is shown in magenta and the CM is
shown in pale blue. These membranes are
separated by the clearly resolved periplasmic
space. Membrane invaginations have been
assigned various colours; a dark
green-coloured invagination, relatively isolated
from the others, panels 1 and 2, is plausibly a
UPB. Other invaginations are coloured to
distinguish them from one another. All have a
connection to the CM. The membrane
coloured in purple consists of linked
invaginations, of which at least one
invagination is still contiguous with the CM.

Discussion

Partitioning into smaller membrane-enclosed compart-
ments is a common feature of eukaryotic cells, but such
compartments are generally not found in prokaryotes.
However, the possibility of membrane organelles does
exist in at least some photosynthetic bacteria, which
elaborate ICM as infoldings of the CM (Niederman, 2006).
Rba. sphaeroides provides a well-characterized develop-
mental model for the investigation of membrane invagina-
tion, and the mature ICM are particularly well studied; a
combination of electron microscopy, AFM, crystallo-
graphic and spectroscopic data has allowed the in silico
construction of an atomic-level model of a complete ICM
vesicle, comprising over 150 membrane protein com-
plexes (Sener etal.,, 2007). However, the biosynthetic
processes that initiate the curvature of the CM, and sub-
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sequent budding to produce intracytoplasmic structures,
are not known; in this work we have used radiolabelling,
electron, atomic force and fluorescence microscopy
methods, and cryo-electron tomography to examine the
early events in ICM formation.

Initiation of membrane budding at the CM

When Rba. sphaeroides cells are disrupted by passage
through the French press cell the shear forces break the
continuity of the cell membrane and three regions,
the unpigmented CM, the ICM, and the ICM precursor, the
UPB, can all be isolated from cell extracts (Parks and
Niederman, 1978; Niederman et al., 1979; Inamine et al.,
1984; Reilly and Niederman, 1986). Apparently, cell dis-
ruption and subsequent purification severs the curved
UPB membranes from the surrounding CM. The UPB and
ICM migrate as two bands in rate-zone sucrose gradients
(see Fig. 1), probably as a result of their differing mem-
brane morphologies; the spherical nature of ICM has
been known for many years (see Worden and Sistrom,
1964, for example). The present work shows that UPB
membranes can be isolated and purified as broadly circu-
lar discs (Fig. 2), providing the rationale for the differing
migration rates of precursor and mature invaginated
membranes that formed the basis of the discovery of
Niederman and co-workers, using pulse-labelling experi-
ments, that the UPB is the biosynthetic precursor of the
ICM (Niederman et al., 1979).

The AFM images in Fig. 3 show that the precursor UPB
membrane contains RC-LH1-PufX dimers, which at least
in part account for the domed appearance of the UPB
membrane in the TEM analysis in Fig. 2. The RC-LH1-
PufX dimer complex is a membrane bending protein, by
virtue of the 146° angle subtended on the periplasmic side
of the membrane by the two monomer halves of the
complex (Qian et al., 2008). The consequence of geneti-
cally manipulating Rba. sphaeroides so that it assembles
RC-LH1-PufX dimers, but no LH2, is the formation of
tubular ICM with an average diameter of 70 nm (Hunter
et al.,, 1988; Kiley et al., 1988; Siebert et al., 2004). This
property of the core dimer places it in the same category
as other intrinsic membrane proteins that are known to
impose curvature on the membrane, such as the nicotinic
acetylcholine receptor (Miyazawa et al.,, 2003), and the
ATPase (Dudkina et al., 2006). The initiation of membrane
curvature (McMahon and Gallop, 2005) has been studied
using coarse-grained simulations (Reynwar et al., 2007),
and the model membrane system presented here has
also been studied computationally using Monte Carlo
simulations (Frese et al., 2008). A plausible first event that
introduces curvature within an initially flat CM is the asso-
ciation of dimeric core complexes, driven by the size and
shape mismatch between bent RC-LH1-PufX dimers and
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surrounding membrane proteins (Frese etal, 2008).
Once formed, core RC-LH1-PufX dimer arrays will distort
the surrounding lipids and possibly assist the insertion of
further pigment protein complexes; this process has been
studied in detail using a novel molecular dynamics flexible
fitting method (Hsin et al., 2009). The limited arrays of
core dimers in the AFM topograph of a UPB membrane in
Fig. 3A are in agreement with fluorescence yield mea-
surements, which showed that membranes at the earliest
stages of development consist of ordered aggregates of
LH1 complexes that interconnect and surround three to
six RCs, equivalent to one to three core dimers (Hunter
et al., 1985). This sequence of membrane development,
which predicts that the assembly of cores precedes the
incorporation of LH2 complexes, is consistent with previ-
ous work by Niederman and co-workers that demon-
strated the stepwise formation of ICM, with LH2
incorporation lagging behind that of the core RC-LH1-
PufX complexes (Niederman et al., 1976; Koblizek et al.,
2005).

The onset of membrane invagination must involve the
close interplay between the pigment biosynthetic
enzymes that catalyse BChl and carotenoid pigment syn-
thesis, lipid biosynthesis enzymes, and the genes encod-
ing apoproteins of membrane protein complexes that
convert light into ATP. The UPB precursor membrane is
enriched in bacteriochlorophyll synthase, and has a high
level of BChl biosynthesis activity, shown using the radio-
labelled BChl precursor H3-§-aminolevulinic acid (Hunter
et al., 2005). Co-ordination of these biosynthetic reactions
originates in the global control circuits mediated by light
and oxygen-responsive two-component sensor-regulator
proteins (Bauer et al., 2008; Klug and Masuda, 2008).
Thus, it is reasonable to suggest that the UPB membrane
will have a composition, in terms of biosynthetic, regula-
tory and nascent photosynthetic complexes, that is dis-
tinct from the surrounding CM, which is known to be
enriched in respiratory complexes (Parks and Niederman,
1978). This proposed discontinuity in protein and/or lipid
composition between these early invagination sites and
the surrounding CM could account for the roughly circular
shape of the UPB, as it shears from its surrounding CM
during cell disruption in the French press.

The membrane-by-membrane analysis of the fluores-
cence emission spectra (Fig. 4E) shows the individual
behaviour of each UPB fragment, with none of those
examined showing the efficient LH2-core dimer energy
transfer typical of mature ICM vesicles. This analysis
updates a much earlier observation of this energy transfer
behaviour using bulk membrane samples (Hunter et al.,
1979b). The analysis of fluorescence in individual mem-
branes in Fig. 4 shows that the LH2 complexes in the UPB
membrane are imperfectly connected to the RC-LH1-
PufX dimers for energy transfer. The stringent distance
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constraints for FRET reveal these imperfect connections,
whereas the lateral resolution of AFM, particularly as
applied to the analysis of these curved UPB membranes
in Fig. 3A, does not provide sufficient structural detail.
This lesion in energy transfer leads to an elevated fluo-
rescence emission from at least some of the LH2 com-
plexes in the UPB membrane. In contrast, the mature ICM
contains a greater proportion of LH2 (see the AFM images
in Fig. 3B), all of which has integrated efficiently into the
membrane to allow efficient energy transfer to RC-LH1-
PufX core dimers. This greater LH2 content with respect
to the UPB is a feature of the mature ICM from cells grown
at a variety of light intensities; although cellular levels of
LH2 antenna are elevated at low-light growth conditions,
this increase is restricted to the ICM fraction, whereas the
LH2 content of the precursor UPB membrane is held at
lower and constant levels (Hunter et al., 2005). It is not
clear why at least some of the LH2 complexes that are
present in the UPB are imperfectly connected for excita-
tion energy transfer. The LH2 complex is a known driver of
membrane curvature (Hunter et al., 1988; Chandler et al.,
2008; Olsen etal.,, 2008), and it is possible that the
assembly, stability and energy transfer function of LH2 are
not optimized in the UPB precursor membrane because of
curvature mismatch between the LH2 and core dimer
complexes (Frese et al., 2008). Another more straightfor-
ward explanation for imperfectly coupled energy transfer
to RC-LH1-PufX cores is physical obstruction of optimal
LH2-core dimer contacts by the presence of biosynthetic
pathway and assembly factor proteins; such ‘non-
photosynthetic’ proteins are a significant feature of the
protein composition of the UPB (H.J. Lewis etal., in
preparation).

Distinct populations of internal membranes in
Rba. sphaeroides cells

The cryo-electron tomography data, recorded from both
cell sections and whole cells of Rba. sphaeroides, reveal
at least four physically distinct types of internal
membrane. A fascinating picture of ICM proliferation
emerges; some ICM vesicles are truly ‘free-living’ inside
the bacterial cytoplasm (Fig. 5), fitting the description of
an organelle in the sense that they are specialized
membrane-enclosed structures which house chemical
and metabolic functions central to the function of the cell.
More specifically, the ICM vesicle is a basic minimal unit
for photosynthetic ATP formation. In contrast, those ICM
found nearer to the cell wall-appressed CM (Fig. 6B)
sometimes form interconnected fused structures, often
retaining a connection to the CM and possibly having
access to the periplasmic space. Near-spherical single
invaginations are also observed, still attached to the CM
by a ‘neck’ (Fig. 6A). A tomographic study of Blastochloris

Fig. 7. Diagrammatic representation of the cellular origins of UPB
and ICM vesicles, and their separation in a rate-zone sucrose
density gradient. The cell wall is depicted in magenta and the
cytoplasmic membrane (CM) in cyan. Invaginations of the CM are
shown in red. The diagram depicts snapshots from a possible
developmental sequence (red arrows). Disruption of the cell in a
French press (black arrows) produces the membrane structures
shown, which migrate to one of two positions in the 5-35% w/w
sucrose density gradient (blue lines).

(1) Small indentations of the CM, representing the earliest stages
of membrane budding, form the top band in the gradient (pictured).
(2) Further invagination of the UPB produces a more curved,
budded membrane, which forms a sealed spherical vesicle upon
cell disruption.

(3) A second budding event can be initiated within the ICM which
produces an interconnected ‘double’ vesicular structure. However,
upon cell breakage two separate structures form.

(4) The budded structures in either (2) or (3) can be released into
the interior of the cell to form spherical vesicles.

viridis cells also revealed that narrow tubular structures
maintain continuity between the lamellar ICM and the CM
(Konorty et al., 2008).

Finally, we observed small indentations of the CM, rep-
resenting the earliest stages of membrane budding.
These resemble the indentations of the CM seen in
freeze-fracture analysis of Rba. sphaeroides cells under-
going a transition from chemoheterotrophic to photohet-
erotrophic growth conditions (Chory etal., 1984). The
tomography analysis therefore reveals a continuum of
structures which represent snapshots from a develop-
mental sequence (Fig. 7, red arrows); this process culmi-
nates with the release of spherical intracytoplasmic
vesicles into the interior of the cell. The diagram in Fig. 7
relates the membrane structures observed in the tomog-
raphy analysis to their positions in the rate-zone sucrose
density gradients, which form the basis for the pulse-
chase analysis in Fig. 1. This density gradient method can
distinguish between the disc-like UPB sites where the
membrane invagination process is initiated, but following
cell disruption (black arrows) the ICM fraction can arise
either from budded ICM still attached to the CM, from
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interconnected ICM vesicles, or from vesicles completely
detached from any other cellular structure. The rate-zone
sucrose density gradients used in this and previous work
by Niederman and colleagues (Parks and Niederman,
1978; Niederman et al., 1979; Inamine et al., 1984; Reilly
and Niederman, 1986) separate structures based on the
rate at which they sediment rather than their density, so
the size and shape of the membranes influence the
banding pattern. The two major membrane morphologies,
open patches (UPB) and spheres (ICM; see Fig.7),
produce two distinct bands in such gradients. In order to
provide more surface area for light absorption and photo-
chemistry, existing membrane invaginations need to grow;
it appears that a secondary budding process can be initi-
ated within an existing invagination. The alternative would
be for a single bud to become larger, but this would
require a progressive reduction in membrane curvature
that would be resisted by the 146° bend in the RC-LH1-
PufX dimer, which imposes a maximum diameter of
approximately 70 nm on the membrane that houses it
(Qian et al., 2008; Hsin et al., 2009). Secondary budding
conserves the 70-nm-diameter membrane curvature, but
permits further invagination of an existing bud. As mem-
brane biogenesis proceeds, driven by continued synthe-
sis of lipids and membrane protein complexes, at least
some of the buds become completely detached from their
CM or ICM anchor points and are released into the interior
of the cell to form spherical vesicles. It is likely that the
proportion of detached ICM vesicles will increase in cells
grown under low-light conditions.

The issue of whether or not there are free vesicles in the
cytoplasm of photosynthetic bacteria, or whether some or
all of these membranes retain a connection with the CM
goes back over 50 years in the literature. Comparisons
with work conducted on different photosynthetic bacteria,
grown under a variety of aeration regimes and light inten-
sities, and with membranes prepared following a variety of
cell disruption methods are difficult, and outside the scope
of this Discussion. However, Gibson (1965a,b) and
Collins and Niederman (1976), for example, demon-
strated that at least part of the intracytoplasmic vesicle
population in cells is structurally independent of the CM.
Often, such conclusions were reached on the basis of
experiments on spheroplasts, which was reasonable
given that gentle osmotic lysis of cell wall-free structures
was more likely to reflect the internal membrane morphol-
ogy than analysis of material mechanically disrupted by
passage through a French pressure cell. However, even
spheroplast preparation is not without its drawbacks; pre-
viously intact structures are still disrupted and often the
procedure involves the use of a non-ionic detergent such
as Brij-58, so one cannot be sure that ICM do not open
then reseal during membrane preparation. Prince et al.
(1975) showed that up to 85% of the c-type cytochrome
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originally present in photosynthetically grown cells of Rba.
sphaeroides was liberated during preparation of sphero-
plasts, suggesting that fused intracellular membranes are
present and that there is a continuum between the peri-
plasm and the periplasmic face of the population of ICM.
The tomographic data in Fig. 6B show that such fused
structures do exist, and that they can retain a connection
with the CM and the periplasmic space. One of the invagi-
nated models in Fig. 7, identified by the number (3),
depicts one of these conjoined invaginations. However,
we cannot quantify the proportion of membranes that
retain a connection with the periplasm, and only note that
both CM-connected and free ICM exist, and that the ratio
of connected to free structures is likely to vary, with more
free ICM present at lower light intensities. The tomogra-
phy work reported here on cryo-frozen material avoids cell
disruption and any dehydration or staining procedures,
and is likely to reflect the native state of the intact cell.

It is not yet possible to construct a full 3-D tomographic
model of the interior of an entire, intact Rba. sphaeroides
cell owing to the limitations imposed by the > 0.5 uM
thickness of bacterial cells (Konorty et al., 2008; Brandt
etal, 2009). However cryo-tomography of frozen-
hydrated cell sections clearly shows that there are numer-
ous spherical vesicles within the cell. The volume of the
cytoplasm enclosed by an 800 x 800 x 2000 nm bacterial
cell can be calculated as approximately 7 x 108 nm3; the
occupancy of the bacterial cytoplasm is reflected in
the number of circular membrane sections identified in the
tomographic slices in Fig. 5, where approximately 15% of
the cytoplasm contains vesicles. When extrapolated to a
whole cell, we calculate that there are approximately 800
ICM vesicles per cell. This figure can fluctuate significantly
depending on the light intensity and oxygen tension at
which the cells are grown (Worden and Sistrom, 1964;
Cellarius and Peters, 1969; Niederman et al., 1976). Nev-
ertheless, in broad terms, the figure of 800 agrees with the
range of 140-640 vesicles per cell, estimated from the
BChl content of whole cells and the number of functionally
connected pigments (3000) in a single vesicle (Hunter
etal,, 1985). This latter number was also used as the
basis for constructing atomic-level models of ICM vesicles
(Sener et al., 2007).

The ICM vesicles are prokaryotic organelles, which
consist of a physically and functionally interconnected
series of membrane protein complexes that carry out a
core function of the cell, namely converting solar energy
into ATP. LH and RC complexes in the ICM first convert light
energy into a stable charge separation and subsequently
to the reduced state of a mobile electron carrier, ubiquinol-
10. Reduced quinones migrate to the cytochrome bc;
complex, where protons are injected into the lumen of the
vesicle. Geyer and Helms (2006) calculate that as few as
60 ‘free’ protons confined within an ICM vesicle create a
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transmembrane pH gradient of 3.4. Controlled dissipation
of this pH gradient through the proton channel of the
ATPase, which can consume as many as 400 protons per
second, captures the solar energy in a chemical form as
ATP. It is interesting to note that ICM curvature, driven in
part by the 146° bend in the (RC-LH1-PufX), dimer (Qian
et al., 2008), creates a spherical structure with a 50-70 nm
diameter. It is possible that this is an optimal surface
area : volume ratio, a compromise between increasing the
number of complexes for light absorption, energy and
electron transfer, while needing to constrain the internal
volume of the vesicle, so that the proton gradient is large
enough to drive ATP synthesis. The construction of atomic-
level models for these membrane vesicles will, one day,
allow the whole process, from light to ATP, to be modelled
in silico. This approach is still at an early stage, but the
model constructed (Sener et al., 2007) has already made
some predictions about the overall efficiency of energy
trapping that can be tested by experiment. Further devel-
opments would include lipids in the model, which is cur-
rently assembled from only a few types of protein: the
LH complexes, the RC, the cytochrome bc; complex and
the ATP synthase. Proteomic analyses conducted highlight
the real complexity of these vesicles, which contain a total
of 98 different proteins (Zeng et al., 2007). Thus, construc-
tion of a complete model of the whole membrane is a
significant challenge. However, the progress illustrated by
this work on the structural and functional analyses of the
precursor UPB membrane might lead to atomic-level
models of the earliest stages of membrane assembly and
curvature.

Experimental procedures
Cell culture and membrane preparation

Rhodobacter sphaeroides NCIB 8253 was grown photosyn-
thetically at a light intensity of 600 umol s m2in CB medium
(Cohen-Bazire et al., 1957). Five grams of cells suspended in
10 ml of 1 mM Tris-HCI pH 7.5, 1 mM EDTA were disrupted
by two cycles of French pressing at 18 000 p.s.i. The cell
extract was fractionated by rate-zone centrifugation at
96 000 g for 4 h on a 5-35% (w/w) sucrose gradient in 1 mM
Tris-HCI pH 7.5, 1 mM EDTA. UPB and ICM vesicle fractions
were recovered for further analysis.

UPB puirification

Following dialysis against 1 mM Tris-HCI, pH 7.5, 1 mM
EDTA to remove sucrose the UPB was fractionated on a
5—-15% (w/w) sucrose gradient containing 20 mM Tris-HCI pH
7.5, 20 mM EDTA layered onto a 60% (w/w) sucrose cushion
and centrifuged at 100 000 g for 10 h. The membrane band
at the interface between the cushion and the gradient was
harvested.

Pulse-chase radiolabelling experiments

Rhodobacter sphaeroides NCIB 8253 was grown photosyn-
thetically with N, sparging. Cells (absorbancegs, = 0.7) were
pulsed with a final concentration of 0.2 uCiml”" S%
L-methionine (Easytag™, PerkinElmer) for 5 min before a
10*fold excess of unlabelled L-methionine was added as a
chase. Samples (250 ml) were removed from the culture at
intervals during the chase and mixed with 160 uM chloram-
phenicol and protease inhibitor cocktail (Complete™,
Roche). UPB and ICM fractions, prepared as detailed above,
were mixed with scintillation solution (FluoranSafe2™, BDH
chemicals) and analysed in a scintillation counter (Beckman
Coulter, LS6500).

TEM of membranes

Isolated membrane fragments were applied to glow-
discharged carbon-coated copper grids (400 mesh, Agar Sci-
entific), negatively stained with 0.75% (w/v) uranyl formate
and examined with a Phillips CM100 electron microscope.
Images were recorded using an in-line 1K Gatan Multiscan
794 CCD camera.

Atomic force microscopy

Atomic force microscopy imaging was carried out with a
Veeco Nanoscope IV AFM equipped with an ‘E’ scanner
(15x15um).  Sharpened SiN  (NPS) cantilevers
(k=0.06 Nm™) (Veeco) were used in a standard Veeco
tapping mode fluid cell operating at 6-10 kHz. Tip-sample
interaction forces were kept minimal while imaging. Images
were recorded at scan frequencies of 0.5-1.5Hz. For
imaging UPB membranes were adsorbed for 1 h onto freshly
cleaved mica (Agar Scientific) in 20 mM HEPES, pH 7.5,
150 mM KClI, 25 mM MgCl,, 5 mM NiSO,. ICM vesicles were
opened to form patches for AFM imaging using 0.01% (w/v)
B-dodecyl maltoside (Glycon Biochemistry, GmbH Biotech-
nology, Germany) as described previously (Bahatyrova et al.,
2004a). For low-resolution imaging membranes were
adsorbed for 20 min onto freshly cleaved mica (Agar Scien-
tific) in 20 mM HEPES, pH 7.5, 150 mM KClI, 25 mM MgCl,.
Low tapping amplitudes were used. Images (512 x512
pixels) were processed using the Nanoscope (v6.14R1) soft-
ware and Vision (v4.10) software (Veeco).

Fluorescence imaging of single membrane patches
and vesicles

Fluorescence emission data were acquired using a home-
built confocal microscope (Kassies et al., 2005). Substrates
(microscope coverslips, Menzel-glaser # 1) were cleaned by
immersion in piranha solution (3:1 concentrated H.SO./33%
aqueous H,0,) for 15 min and dried with nitrogen. The
surface was modified with N-{3-(trimethoxysilyl)propyl]-
ethylenediamine. Two microlitres of sample solution, contain-
ing either UPB membranes or ICM vesicles, was applied to
the substrate followed by the addition of 100 pl of the adsorp-
tion buffer (10 mM Tris-HCI pH 7.5, 150 mM KCI, 25 mM
MgCl,) for 15 min. Later the samples were rinsed copiously
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with the imaging buffer (10 mM Tris-HCI pH 7.5, 150 mM KClI)
and kept under liquid conditions during measurement. Fluo-
rescent images consisted of 128 x 128 pixels. Spectral infor-
mation was acquired with 100 ms acquisition time and 6 uW
excitation power measured at the back aperture of the
objective. Data were analysed by application of a fitting
routine, in which the measured spectra for each membrane
patch are fitted as a linear combination of LH2-only and
LH1-only membranes.

Cryo-electron tomography

Rhodobacter sphaeroides NCIB 8253 was grown photosyn-
thetically (100 umol s m™) in 30 ml bottles. Cells were har-
vested by centrifugation at 10 000 g for 10 min, washed and
resuspended in growth medium at an appropriate concentra-
tion for plunge freezing experiments or resuspended in a
minimal volume of growth medium for high-pressure freezing.

Plunge frozen cells. A 5 ul aliquot of Rba. sphaeroides was
applied to freshly glow-discharged 300 mesh carbon-coated
Quantifoil multi-A grids, blotted in a humid atmosphere then
plunged into liquid ethane (Dubochet et al., 1988). Grids were
stored under liquid nitrogen until required.

High-pressure frozen cells. Concentrated samples of Rba.
sphaeroides were frozen in a Baltec HPM-010 high-pressure
freezer as 200-um-thick films sandwiched between two alu-
minium planchettes. Any residual air volume was occupied
using the osmotically inactive filler compound 1-hexadecene.

Cryo-sectioning of frozen-hydrated samples. Planchettes of
high-pressure frozen suspensions of Rba. sphaeroides were
transferred to the pre-cooled cryo-box of a Leica EM UC6/
FC6 ultra-microtome. A~75 x 75 um block face was trimmed,
faced then cryo-sectioned at a 70 nm nominal thickness
using a Diatome 25° cryo platform knife set to a clearance
angle of 9°. The cryochamber temperature was set at -160°C
and a cutting speed of 0.6 mm s™' was used. Section ribbons
were transferred onto glow-discharged carbon-coated Quan-
tifoil copper 200 mesh grids using a Dalmatian dog hair and
a Leitz micromanipulator (Ladinsky et al, 2006). Section
ribbons were pressed with a stamping tool and stored under
liquid nitrogen until required.

All data were collected using a JEOL JEM-3200FSC trans-
mission electron microscope equipped with a field emission
gun and in-column energy filter at a temperature of 84 K.
Images were recorded at a magnification of x 25 000 on a
4 k x 4 k CCD binned twofold corresponding to a sampling of
1.8 nm at the specimen level. Single-axis tilt series were
collected using SerialEM (Mastronarde, 2005) with defocuses
of —12to —15 um and a total dose of ~45 e A2, Tilt series were
acquired from —60° to +60° in 1° tilt increments for frozen-
hydrated sections; data were acquired at x 33 962 magnifica-
tion. For plunge-frozen cells data were acquired at x 26 806
magnification and tilt series acquired from —45° to +45° in 2° tilt
increments.

Image processing and segmentation. Fiducial-less tilt series
were aligned using Protomo (Winkler, 2007). Tomogram
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volumes were created by weighted back-projection and
denoised with 30 iterations of non-linear anisotropic diffusion
(Frank et al., 1996; Frangakis and Hegerl, 2001). Denoised
tomogram volumes were viewed, analysed and segmented
using Amira 4.1.2 (Visage Imaging).
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