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Photosynthesis in purple bacteria is performed by pigment-protein complexes that are closely packed within
specialized intracytoplasmic membranes. Here we report on the influence of carotenoid composition on the or-
ganization of RC-LH1 pigment-protein complexes in intact membranes and cells of Rhodobacter sphaeroides.
Mostly dimeric RC-LH1 complexes could be isolated from strains expressing native brown carotenoids when
grown under illuminated/anaerobic conditions, or from strains expressing green carotenoids when grown
under either illuminated/anaerobic or dark/semiaerobic conditions. However, mostly monomeric RC-LH1 com-
plexes were isolated from strains expressing the native photoprotective red carotenoid spheroidenone, which is
synthesized during phototrophic growth in the presence of oxygen. Despite this marked difference, linear dichro-
ism (LD) and light-minus-dark LD spectra of oriented intact intracytoplasmic membranes indicated that RC-LH1
complexes are always assembled in ordered arrays, irrespective of variations in the relative amounts of isolated
dimeric and monomeric RC-LH1 complexes. We propose that part of the photoprotective response to the pres-
ence of oxygen mediated by synthesis of spheroidenone may be a switch of the structure of the RC-LH1 complex
from dimers to monomers, but that these monomers are still organized into the photosynthetic membrane in or-
dered arrays. When levels of the dimeric RC-LH1 complex were very high, and in the absence of LH2, LD and ALD
spectra from intact cells indicated an ordered arrangement of RC-LH1 complexes. Such a degree of ordering im-
plies the presence of highly elongated, tubular membranes with dimensions requiring orientation along the
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length of the cell and in a proportion larger than previously observed.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Purple photosynthetic bacteria possess a modular photosynthetic
apparatus in which a photochemical reaction center (RC) is fed with en-
ergy by a closely associated LH1 light harvesting pigment-protein [1]. In
many species these so called RC-LH1 complexes are in turn surrounded
in the photosynthetic membrane by one or more types of peripheral light
harvesting complexes, such that an extensive pool of bacteriochlorophyll
(BChl) and carotenoid pigments provides the light harvesting capacity to
power charge separation within each RC [2]. Light harvesting complexes
in these bacteria have a common general architecture in which concen-
tric cylinders of two types of membrane-spanning polypeptides encase

Abbreviations: LH1 and LH2, light-harvesting complex 1 and 2; RC, reaction center; P,
primary electron donor; BChl, bacteriochlorophyll; BPhe, bacteriopheophytin; LD, linear
dichroism; ICM, intracytoplasmic membrane; EM, electron microscopy; AFM, atomic
force microscopy; Rba, Rhodobacter
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rings of BChl and carotenoid pigments [3,4]. In the case of LH1 the di-
mensions of this hollow cylinder are sufficient to accommodate a RC in
the center [5], and in some species an additional polypeptide, PufX, is
present that disrupts the continuity of the LH1 cylinder [6]. In the most
heavily studied purple photosynthetic bacterium, Rhodobacter (Rba.)
sphaeroides, the PufX protein [7] limits aggregation of LH1 subunits
around the RC to 14 pairs of membrane-spanning polypeptides, 28
BChls and 28 carotenoids [1]. PufX is necessary for the assembly of RC-
LH1 into dimers in which two RCs are related by an axis of two fold sym-
metry, the associated LH1 forming an S-shape when viewed perpendic-
ular to the plane of the membrane [1,5,6,8-11].

In addition to light harvesting, a key function of some carotenoid pig-
ments in the bacterial photosystem is protection against damage caused
by the photogeneration of singlet oxygen. This role was established
around 60 years ago, when Griffiths and co-workers reported that a
mutant strain of Rba. sphaeroides unable to synthesize colored caroten-
oids was susceptible to photo-oxidation leading to cell death [12,13].
Growth of this mutant under anaerobic, illuminated conditions ceased
upon the introduction of air into the culture, with resultant cell death
and breakdown of BChl. It was subsequently shown that the formation
of relatively long-lived BChl triplet excited states in an aerobic
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environment sensitized the formation of highly reactive singlet oxygen
[14]. Carotenoids prevent damage caused by singlet oxygen either by di-
rect quenching or by accepting excited state energy from triplet BChl, the
carotenoid triplet having insufficient energy to sensitize singlet oxygen
[15].

A specific mechanism for photoprotection by carotenoids in the
RC-LH1 complex from Rba. sphaeroides was recently elucidated
by Slouf and co-workers [16]. Experiments carried out on photosyn-
thetic membranes from cells grown under semiaerobic conditions,
where the principal carotenoid is spheroidenone, established that
the lowest energy triplet state of this carotenoid acts as an effective
quencher of BChl triplet states. Such quenching would be expected
to prevent sensitization of singlet oxygen. This mechanism for BChl
triplet quenching was not observed in RC-LH1 complexes isolated
from cells grown in the absence of oxygen, where the principal
carotenoid is spheroidene (spheroidenone being the keto derivative
of spheroidene, the conversion being catalyzed under aerobic
conditions by CrtA-spheroidene monooxygenase). As a result the
formation of spheroidenone on exposure of anaerobic growing
cells to oxygen appears to switch on a specific photoprotective
mechanism to prevent photodamage. In addition to introduction of
the additional keto oxygen of spheroidenone, it was suggested that
spheroidenone is twisted into an S-trans conformation as part of
the photoprotective response [16]. This change in structure would
increase the conjugation length of the carotenoid, lowering the ener-
gy of its triplet excited state such that it can act as an acceptor for en-
ergy from BChls that have undergone intersystem crossing from the
singlet to triplet configuration.

An intriguing feature of the RC-LH1 complexes that are assembled in
different strains of Rba. sphaeroides is that the relative amounts of mono-
mers and dimers that can be isolated from photosynthetic membranes
seem to depend on the type of carotenoid present, the isolation proce-
dure being to solubilize complexes from the membrane using the mild
detergent n-dodecyl-p-p-maltoside and size fractionation on a sucrose
density gradient. Relatively few RC-LH1 dimers can be isolated from
cells with native carotenoids grown in the presence of oxygen [7,17,
18], where the principal carotenoid is spheroidenone. In contrast the rel-
ative amount of dimer is much greater if complexes are isolated from
cells grown in the absence of oxygen, where the principal carotenoid
is spheroidene, or from cells of mutant strains that express the green ca-
rotenoid neurosporene rather than spheroidene/spheroidenone due to a
spontaneous mutation of the crtD gene (hydroxyneurosporene
desaturase). Such green cells have been employed in the majority of
studies of the organization of RC-LH1 complexes in photosynthetic
membranes [20], the structure of the RC-LH1 dimer [1,5,6,8,9,11,21]
and the structural role of PufX [22,23]. A possible explanation for this
variability could be that the principal form of the RC-LH1 complex in
cells with native carotenoids grown in the presence of oxygen is the
monomer, and so the architecture of the photosynthetic membrane in
such cells would be different from that typically depicted in molecular
models of Rba. sphaeroides membranes that are based largely on the
premise that RC-LH1 complexes are arranged as arrays of dimers
[24-28]. However this explanation would be at odds with AFM data col-
lected from Rba. sphaeroides cells with native carotenoids grown in the
presence of oxygen that show complexes mainly arranged as dimers
[18,29]. An alternative explanation could be that the dimer architecture
is ubiquitous in membranes, but that spheroidenone-containing dimers
are structurally different in a manner that makes them unusually prone
to monomerization on removal from the membrane, relative to dimers
containing either spheroidene or neurosporene.

To investigate this issue, the present work examines the organiza-
tion of RC-LH1 complexes in cells grown under different conditions,
in intact membranes from those cells, and in detergent solution,
employing a combination of sucrose gradient fractionation and linear
dichroism spectroscopy (LD) [30]. The latter has been used previously
to distinguish between ordered arrays of dimeric RC-LH1 complexes

and disordered assemblies of PufX-deficient monomeric RC-LH1 com-
plexes in intact membranes [20,31,32]. It is found that, irrespective of
the carotenoid present, membranes display the spectroscopic finger-
print associated with ordered RC-LH1 complexes. This includes a mem-
brane containing spheroidenone from which only very low levels of
dimeric RC-LH1 complexes could be isolated. It is concluded that it is
likely that RC-LH1 complexes form ordered assemblies in these
spheroidenone-rich membranes, but they differ in structure from the
dimeric RC-LH1 complexes assembled in cells containing spheroidene
or neurosporene. The findings are discussed with respect to the possible
physiological significance of a change to the structure of the dimeric
RC-LH1 complex in cells that are exposed to oxygen.

2. Materials and methods
2.1. Bacterial strains and growth

The wild-type strain used was NCIB8253, which for convenience is
referred to as “WT-r” in the main text, the suffix “-r” denoting the
presence of native red/brown carotenoids. Strain WT-g was a spontane-
ous derivative of WT-r expressing green carotenoids; this strain was sta-
ble, showing very low levels of reversion to the native carotenoid type.
Strains RCLH1X-r and RCLH1X-g were constructed by complementation
of deletion strains DD13 (red/brown carotenoids) and DD13/G1 (green
carotenoids), respectively [33], with a plasmid-borne copy of the
pufBALMX operon which encodes the 3- and a-polypeptides of the
LH1 antenna, the L- and M-polypeptides of the RC and PufX. The strains
were grown under either dark/semiaerobic or light/anaerobic condi-
tions, as described previously [22,23].

2.2. Pigment-protein profiles by sucrose density gradient sedimentation

Intracytoplasmic membranes for detergent solubilization were pre-
pared using a French pressure cell, as described previously [34]. Mem-
brane pellets were suspended in 20 mM HEPES (pH 8) to a final
concentration of 60 absorbance units cm™' at 850 nm for LH2-
containing strains or 875 nm for LH2-deficient strains, and the suspen-
sion mixed in a 3:2 ratio with 10% (w/v) 3-DDM [11]. After incubation
on ice for 30 min in the dark, membrane debris was removed by centri-
fugation at 78,100 g for 1 h at 4 °C in a TLA100 rotor.

Sucrose density gradients were constructed in transparent ultracen-
trifuge tubes by carefully layering five steps of 20%, 21.25%, 22.5%,
23.75% and 25% (w/w) sucrose in 20 mM HEPES (pH 8)/0.04% 3-DDM.
Solubilized membrane proteins (150 pl of sample with an absorbance
of 25 at 850 or 875 nm) were loaded on to each gradient, and these
were centrifuged in a Sorvall TH-641 swing-out bucket rotor at
180,000 g for 20 h at 4 °C. For each strain/growth condition, multiple
gradients were run using several cultures, membrane preparations
and solubilizations — representative examples are shown in Fig. 1.

2.3. Linear dichroism and absorption

To preserve large membrane fragments for analysis by LD spectros-
copy, harvested bacterial cells were lysed in a French pressure cell at a
low breaking pressure of 3000 psi (2 x 107 Pa), as described previously
by Siebert and co-workers [8]. After a clearing spin, membranes were
fractionated on a 15/40/50% (w/w) three step sucrose density gradient
in 20 mM HEPES (pH 8.0), and colored bands at the 15/40 and 40/50 in-
terfaces harvested. Data shown in the main text is from the lower mem-
brane band, but the membranes from the two bands gave very similar
results.

Harvested cells and isolated photosynthetic membranes were kept
cold on ice before gel preparation to perform LD measurements on
intact cells and membranes. ICM and cells at a final OD of about
0.5 absorbance units cm™ ! at 850 or 875 nm were immobilized by poly-
merization in a 12% acrylamide/bis-acrylamide (40% solution 29:1 ratio,
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Fig. 1. Sucrose gradient fractionation of complexes solubilized from intracytoplasmic
membranes from four strains (columns) grown under dark or light conditions (rows). Col-
ored bands are attributable to (top to bottom) free carotenoid (crt), LH2 (A, B, E and F
only), RC-LH1 monomers (mon) and RC-LH1 dimers (dim).

3.3% C) gel containing 50% glycerol (v/v), 10 mM Tris-HCI (pH 7.5), 0.07%
N,N,N’,N’-tetramethylethylenediamine (TEMED) and 0.02% ammonium
persulfate. After polymerization on ice for 30 min in a home-built gel
press with a width of 13 mm x 13 mm, the formed gel is pressed in
two perpendicular directions to be transferred into a cuvette with a
path length of 10 mm. The expansion of the gel allows the sample to
slightly orient along its longest axis. A schematic representation of the
sample orientation by gel squeezing and the sample position relative to
the light beam is given in S.I. Fig. 3. Samples are cooled in the dark in an
Oxford cryostat (DN1704).

The signals of the transmitted light (I) and the difference of parallel
and perpendicular (to the direction of expansion of the gel) polarized
light (AI) were recorded simultaneously with two lock-in amplifiers to
obtain the LD spectra (LD = Al /I) with a resolution of 1.5 nm at 77 K
as previously described [20]. Light minus dark spectra were recorded
using a third lock-in amplifier at 3 ms integration time with a continuous
laser (Coherent CR-599 CW Dye-laser, DCM dye, Coherent, St. Louis MO)
with a bandwidth of about 1 nm, pumped by an Argon laser (Coherent
Innova 310) modulated at 20-Hz with excitation at 670 nm and
15 mW cm™ 2 intensity.

3. Results
3.1. Profiles of photosynthetic proteins

The structure of the Rba. sphaeroides RC-LH1 dimer and the organiza-
tion of RCs and antenna complexes in the membrane have mainly been
studied in wild type strains [10,17,19,31], or in strains lacking the LH2
antenna complex [1,5,6,8,11,20,32], employing either EM, AFM or LD
spectroscopy. LH2-deficient strains are of particular value when studying
the structure and membrane-bending properties of the RC-LH1 com-
plex, and can be obtained by deleting the puc and puf operons encoding

the LH2 and RC-LH1 complexes, and expressing the puf operon in the
resulting strain on a low copy number plasmid [33]. This arrangement al-
lows for additional manipulation of the structure of the RC-LH1 complex,
such as point mutations in the various polypeptides or removal of indi-
vidual components such as PufX. The present work examined the photo-
system assembled in Rba. sphaeroides wild type strain NCIB8253 (named
“WT-1” for convenience in the following), a derivative with a spontane-
ous mutation of crtD expressing green carotenoids (named “WT-g"),
and two strains in which a plasmid-encoded pufBALMX operon was
used to complement a double puc/puf deletion mutant expressing either
native red/brown carotenoids (strain RCLH1X-r) or green carotenoids
(strain RCLH1X-g).

To examine the profile of pigment-proteins assembled in these four
strains under the two sets of growth conditions, intracytoplasmic mem-
branes prepared from intact cells were mixed in a 3:2 ratio with a 10%
solution of n-dodecyl-B-p-maltoside (3-DDM), and the resulting solubi-
lized pigment proteins were fractionated on a five-step sucrose density
gradient. As discussed previously [22,23], the types of pigment-protein
resolved by this procedure were highly reproducible, and typical gradi-
ents are shown in Fig. 1. Gradients loaded with proteins from strain
WT-r (Fig. 1A, E) exhibited four colored bands attributable to (top to bot-
tom) free carotenoid, the major LH2 antenna, RC-LH1 monomers and
RC-LH1 dimers. Gradients loaded with proteins from strain RCLH1X-r
lacked the major colored band attributed to LH2 (Fig. 1C, G). Irrespective
of the presence of LH2, most of the RC-LH1 complexes solubilized from
cells of these two strains grown under anaerobic/photosynthetic condi-
tions were of the dimeric form (Fig. 1E, G). In striking contrast to this,
when the same strains were grown under dark/semiaerobic conditions
the predominant form of RC-LH1 complex fractionated on sucrose gra-
dients was monomeric (Fig. 1A, C). The other, very obvious difference
was a change in color of the pigmented bands from the yellow-brown
obtained with spheroidene (Fig. 1E, G) to the bright red obtained with
spheroidenone (Fig. 1A, C).

A further demonstration that there was a connection between carot-
enoid type and the variation in relative amounts of monomeric and
dimeric RC-LH1 complex came from a comparison with the strains ex-
pressing green carotenoids (Fig. 1B, D, F and H). Coloration of pigment-
proteins from these green strains did not vary between cells grown
under dark and light conditions. For the LH2-deficient green strain, di-
meric RC-LH1 complexes were the major form solubilized from cells
grown in the dark (Fig. 1D). For the LH2-containing green strain
(Fig. 1B) approximately equal amounts of monomer and dimer were sol-
ubilized from dark-grown cells. Mostly dimers were obtained from either
strain grown in the light (Fig. 1F and H), matching the result obtained
with the equivalent strains with native brown carotenoids grown in the
light (Fig. 1E and G).

An additional point to note was a smear of red pigmentation above
the band corresponding to monomeric RC-LH1 complexes in gradients
fractionating proteins from the RCLH1X-r strain grown in the dark
(Fig. 1C). Absorption spectroscopy of intact gradients using a spectro-
photometer fitted with a pair of optical fibers revealed this material to
be LH1 antenna protein that was free of RCs (data not shown). Thus it
would appear that in this red, LH2-deficient strain there was some
over-expression of LH1. This LH1 fraction was not seen in material ob-
tained from this strain when grown in the light (Fig. 1G), in the green
LH2-deficient strain (Fig. 1D, H), or in any of the LH2-containing strains
(Fig. 1A, B, E and F).

3.2. Organization of complexes probed by LD spectroscopy

One way to probe how the composition of the RC-LH1 complex af-
fects its organization in intact membranes is through linear dichroism
spectroscopy (LD) [35]. The sample prepared in a polyacrylamide gel
is oriented by expansion of the gel through compression along two per-
pendicular axes [36]. In previous work it has been shown that in native
membrane samples prepared in this way the optical transitions, arising
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from the monomeric BChls, BPhes and primary electron donor BChl pair
of the RC, possess a uniform alignment relative to the long axis of the
oriented membrane [20,31,32,37]. For strains with native RC-LH1 com-
plexes the interpretation is that dimeric RC-LH1 complexes assemble
into long-range, ordered linear arrays that are oriented preferentially
along the longest membrane axis, even in the presence of LH2. Howev-
er, LD spectra indicating a lower degree of ordering have also been
obtained for membranes containing PufX-deficient RC-LH1 complexes
that are known to be monomeric [20,31,32], showing that RC-LH1
dimers are not a prerequisite for detecting a uniform orientation of
the RC within membranes. As a result the technique does not reveal
whether the RC-LH1 complex is assembled as dimers or monomers,
but rather whether RC-LH1 complexes present in the membrane are
packed in a regularly ordered manner. The relative amount of order
can be estimated by decomposing the LD spectra into ordered and unor-
dered components [32].

In the present work, LD spectroscopy was used to compare the overall
spatial arrangement of RC-LH1 complexes in isolated intracytoplasmic
membranes. We also probed the orientation of RCs within membranes
in intact cells to obtain information on the general orientation of the
chromatophores. Fig. 2A shows 77 K absorption spectra of membranes
(solid lines) and cells (dashed lines) from strains RCLH1X-r and
RCLH1X-g grown in the dark, normalized to the same absorption at the
maximum of the dominant LH1 Q, band. These strains were selected
because they showed the greatest contrast between yields of dimer
under dark growth conditions — very low for strain RCLH1X-r (Fig. 1C)
and very high for strain RCLH1-g (Fig. 1D). The absorption spectra for
the RCLH1X-r and RCLH1X-g strains were similar, the main difference
being the precise maximum of the LH1 band, which varied between
885 nm and 887 nm for red and green membranes, respectively. In addi-
tion to absorption from LH1, these spectra have small bands at 804 nm
and 756 nm arising from the two monomeric BChls and two BPhes of
the RC, respectively.

LD spectra recorded for these membranes or cells are shown in
Fig. 2B, the inset showing the region between 720 and 840 nm on an

A

expanded scale; these spectra have been normalized to the same LH1
absorption at 77 K. In the case of oriented membranes (solid lines),
both spectra showed a negative LD at 804 nm characteristic of order
in the arrangement of the RC accessory BChls relative to the axis of ori-
entation of the chromatophores, consistent with the previous work [20].
The intensity of this negative LD band and that of the dominant positive
LH1 LD at ~890 nm were higher for RCLH1X-g membranes (green-
solid) than for RCLH1X-r membranes (red-solid).

LD spectra were also recorded for oriented intact cells of strains
RCLH1X-g and RCLH1X-r (Fig. 2B, dashed lines). In this case there was
a marked difference in the direction of the LD signal at 804 nm, that
for RCLH1X-g cells being negative and indicative of order in the orienta-
tion of the RC accessory BChls with respect to the axis of orientation of
the cells, but that for RCLH1X-r cells having a positive direction indica-
tive of a lack of order of the RC components relative to the orientation
axis [20]. Given the similarity in the LD spectra of membranes isolated
from these strains, the difference in the LD spectra of the corresponding
cells indicated a difference in the internal arrangement of photosynthet-
ic membranes within these two types of cell, as discussed below.

Dark-minus-light absorption difference spectra and dark-minus-
light difference LD spectra (ALD) were also recorded for these cells
and membranes to monitor the degree of order exhibited by the RC
though absorbance bands that are normally hidden by those of the LH
complexes (Fig. 3). ALD probes the polarization dependency of light-
induced spectral changes that occur in response to charge separation
within the RC [20]. The absorption difference spectra were similar in
line shape for all four samples (Fig. 3A) since charge separation within
the RC is not affected by growth conditions or carotenoid composition.
In the case of membranes, the ALD spectra had a similar differential
feature centered at 800 nm (positive at 795 nm/negative at 808 nm)
and negative feature at ~890 nm (Fig. 3B), both of which indicated
order in the arrangement of the RC component relative to the axis of ori-
entation of the sample by gel squeezing. The ALD spectrum of RCLH1X-g
cells also had this spectral fingerprint, but that of RCLH1X-r cells did not,
with a reverse blue-negative/red-positive feature at 800 nm and
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grown in the dark.

positive LD in the long-wavelength region. Thus the ALD spectra rein-
forced the conclusions deduced from the LD spectra that RCs in mem-
branes in RCLH1X-g cells show macroscopic order but those in
RCLH1X-r cells do not. However, order in the arrangement of RCs rela-
tive to the long axis of the membranes was revealed in both cases
when membranes were removed from cells.

A second case where there was a marked difference in the RC-LH1
complexes that could be fractionated on sucrose gradients was between
the WT-r strain grown under dark or light conditions, where mostly
monomers or dimers, respectively, were resolved (Fig. 1A and E). Infor-
mation on the alignment of RCs in oriented samples of cells and mem-
branes from this strain could not be obtained from LD spectra due the
spectral overlap between the RC and LH2 absorption bands at 800 nm,
but could be obtained from ALD spectra which selectively probe absorp-
tion changes due to charge separation within the RC [31]. Both sets of
membranes gave ALD spectra (not shown) that were similar to spectra
reported previously for completely ordered RCs [31,38]. In contrast,
both types of cell had a signal in this region with the reverse orientation
indicative of a lack of order (as for RCLH1X-r cells in Fig. 3B, red-dashed
line). Again, when taken together with the order exhibited by isolated
membranes, this indicated a lack of specific order in the arrangement
of membranes within cells similar to the case for strain RCLH1X-r but
contrasting with strain RCLH1X-g grown in the dark.

4. Discussion
4.1. Organization of RC-LH1 complexes within intact cells

Extensive microscopic and spectroscopic investigations have led to
detailed structural models of the photosynthetic membranes from Rba.
sphaeroides, where the overall spatial organization and orientation of
the photosynthetic complexes and their pigments have been described
[6,20,24-27,31,39]. In previous work the use of LD spectroscopy gave
the possibility to distinguish between PufX-containing RC-LH1

complexes that show long-range order in the arrangement of the RC rel-
ative to the long membrane axis, and PufX-deficient monomeric RC-LH1
complexes that lack such order [20]. When put together with structural
information from EM and AFM, this LD and ALD data has been
interpreted in terms of dimeric, PufX-containing RC-LH1 complexes
forming ordered linear arrays within the photosynthetic membrane.
The fixed orientation of the RC BChls within the LH1 ring (shown in
yellow in Fig. 4A) gives rise to characteristic LD signals when dimers
associate in an ordered fashion in membranes [20,31]. In the presence
of LH2 (Fig. 4B), it is proposed that, because of the arrangement of
RC-LH1 dimers in linear rows, isolated chromatophores display a simi-
lar characteristic LD and ALD spectra indicating order [31]. In the
absence of LH2 these RC-LH1 rows aggregate in arrays (shown for
two adjacent linear arrays in Fig. 4C). The inherent curvature of the
dimer along its long axis results in the formation of tubular membrane
structures that can be purified as a heavy membrane fraction and have
been analyzed by EM |5,6,8,20,40-42].

Here we applied LD and ALD spectroscopy to cells to assess the gen-
eral orientation of the chromatophores in vivo. Data obtained for the
RCLH1X-r and RCLH1X-g strains grown in the dark are shown in
Fig. 2B (LD) and Fig. 3B (ALD). For completeness, spectra (not shown)
were also recorded for cells of the RCLH1X-r and RCLH1X-g strains
grown in the light, and for a WT-r and WT-g strains grown under both
conditions (i.e. the eight variations shown in Fig. 1). In all but one case
the LD and/or ALD spectra obtained indicated a lack of a preferential
alignment of the RC population relative to the axis of orientation of the
cells, despite the fact that the membranes isolated from these cells did
exhibit order when oriented in a gel. The obvious explanation is that
photosynthetic membranes within these cells are randomly oriented
with respect to the length of the cell, such that macroscopic ordering of
the photosynthetic complexes of these cells could not be detected. The
presence of detached chromatophores and the arrangement of attached
ICM into a reticulum formed by linked photosynthetic membranes [43],
recently imaged by Scheuring and co-workers [44], clarify this result. The
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Fig. 4. Models of the dimeric RC-LH1 complex and the organization of RC-LH1 complexes in different Rba. sphaeroides membranes represented with the alignment axis, membrane length,
in the vertical direction. (A) Model of an RC-LH1 dimer constructed as described in detail previously [22,23]; on the right the RC is shown as a solid object with the largely extra-membrane
H-polypeptide highlighted in dark grey, while on the left only the macrocycles of the accessory BChls (spheres) and primary electron donor BChls (sticks, edge-on) are shown (carbons in
yellow). For both monomers the 28 LH1 BChls are shown as spheres colored alternating red and orange, the 14 LH1 - and [3-polypeptides as cyan or magenta ribbons, respectively, and
the single PufX as a green ribbon. (B) Linear array of RC-LH1 dimers in membranes also containing LH2 (smaller circles); (C) 2-D array of RC-LH1 dimers in membranes lacking LH2;
(D) monomeric, elliptical RC-LH1 complexes; (E) Array of monomeric, elliptical RC-LH1 complexes, each with a uniform orientation; (F) more heterogeneous array of monomeric RC-

LH1 complexes, each in one of two possible orientations.

one exception to this trend was the LH2-deficient strain RCLH1X-g when
grown under dark, semi-aerobic conditions. In this case both the LD and
ALD spectra gave a clear indication of order in the arrangement of the RC
population, and we attribute this to the likely presence of extensive tu-
bular RC-LH1 membranes in this LH2-deficient strain that extend
along the length of the cells. As a result the orientation of the membranes
in the cell is similar to the orientation of membranes after isolation and
alignment in the gel by squeezing.

In contrast to dark-grown cells, when strain RCLH1X-g was grown in
the light the intact cells did not produce a LD or ALD spectrum indicative
of order, and we attribute this to a three to four-fold lower level of ex-
pression of RC-LH1 complexes under photosynthetic conditions as
judged from the absorption spectra of intact cells (data not shown). Ap-
parently during photosynthetic growth there is stronger regulation of
the expression levels of the RC-LH1 complex, such that tubular mem-
branes are either fewer in number or, more probably, less extensive
and therefore less well aligned with the long axis of the cells.

Although, as assessed through absorption spectra of growing cul-
tures (data not shown), levels of the RC-LH1 complex were even higher
in whole cells of strain RCLH1X-r grown in the dark than in cells of strain
RCLHX-g, the LD and ALD spectra for these red cells did not contain the
spectral fingerprint indicating order. This was despite the fact that, as
with the equivalent green strain, isolated oriented membranes did con-
tain ordered RCs. Here a significant factor may have been the presence
of a population of LH1 complexes that were not associated with RCs, in-
dicated by a smear of pigmentation on the sucrose density gradient set-
tling above the band corresponding to RC-LH1 monomers (Fig. 1C).
When present in the membrane with monomeric or dimeric RC-LH1
complexes, significant levels of RC-free LH1 rings could disrupt the ag-
gregation of the RC-LH1 complexes to form ordered and extensive tu-
bular membrane structures. The RCLH1X-g strain did not assemble
significant levels of RC-free LH1 complexes that could cause such dis-
ruption (Fig. 1D).

Tubular membranes have been observed earlier in cell sections and
isolated fractions by electron microscopy [5,6,8,40-42]. Our results con-
firm the presence of this type of membranes in the RCLH1X-g strain
in vivo, without manipulation that could produce artifacts. By compari-
son with ALD spectrum of Frese and co-workers that was constructed
from membranes containing 50% RC-LH1-PufX and 50% PufX-deficient

RC-LH1 [32] our data indicate a large percentage (more than 50%) of
oriented RCs relative to the long axis of the cell. Such an extensive
long-range ordering detected in cells would indicate an overall high
degree of organization into densely packed arrays. It can be interpreted
as a general formation of elongated membranes instead of the usual
spherical shape. It implies that elongated membranes are present in a
larger amount in the cell than can be observed when isolated [8].

4.2. Organization of RC-LH1 complexes within isolated membranes

In contrast to the general assumption that RC-LH1 is present in a
mostly dimeric form in membranes, when spheroidenone was present
as the principal carotenoid then the RC-LH1 complexes extracted from
intact membranes were largely monomeric (Fig. 1 A and C). There are
three possible interpretations of this observation. The first is that the
principal form of the RC-LH1 complex assembled in all membranes is
dimeric, but the use of 3-DDM to solubilize proteins from the membrane
produces varying amounts of monomers during the solubilization proce-
dure. As discussed in previous publications [22,23] this possibility can be
discounted, as the profile seen for any given combination of genotype
and growth condition was highly reproducible across multiple cultures,
membrane preparations and solubilizations, with no particular sensitivi-
ty to precise solubilization conditions such as the exact concentration of
{3-DDM, time or temperature.

To reinforce that point, Supplementary Fig. 1 shows the highly similar
profiles obtained from sucrose gradients loaded with material from six re-
peat cultures/solubilizations for strain WT-r grown in the dark, where the
RC-LH1 complex is reproducibly mostly monomeric, and strain WT-g
grown in the light where the RC-LH1 complex is reproducibly mostly di-
meric. The sucrose gradients in Supplementary Fig. 2 show that, for strain
WT-r grown in the dark, the relative amounts of monomer and dimer did
not change significantly if the concentration of 3-DDM used for solubili-
zation was varied from the standard 4% to between 2 and 7% (con-
centrations above 7% caused general degradation of RC-LH1 and LH2
complexes, and concentrations below 2% led to incomplete solubilization
of membranes). Similarly, no variation in relative dimer yield was seen if
the solubilization using 4% [3>-DDM was carried out at room temperature
or for double standard time of 30 min.
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Another possible explanation of our results is that the RC-LH1 com-
plexes are always mainly dimeric when assembled in intracytoplasmic
membranes, but differences in the detailed structure of the dimeric
complex, that depend on strain type and growth conditions, result in
different, but highly reproducible levels of monomerization of dimers
after solubilization with 3-DDM. If this hypothesis is correct then the re-
sults obtained from sucrose gradients reveal how variations in the type
of carotenoid present may modulate the strength of the association be-
tween RC-LH1 monomers. In this case, when spheroidenone is present,
in contrast with spheroidene or neurosporene, the structure of the
dimer is somewhat modified. The interaction between RC-LH1 mono-
mers becomes weaker and dissociates under even the mildest solubili-
zation conditions we have used. We should note here that 3-DDM is
the most appropriate detergent for the isolation of integral complexes
because of its ability to keep protein-protein interactions intact. In higher
plants, for example, integral and large photosynthetic supercomplexes
can be obtained from the solubilization of thylakoid membranes with
>-DDM [45-47]. However, it is perhaps surprising that the extent of
monomerization of a given complex is not sensitive to parameters such
as detergent concentration.

The last possible interpretation is that there are variations in the rel-
ative amounts of monomeric and dimeric RC-LH1 complex that are as-
sembled in intracytoplasmic membranes in different strains and under
different growth conditions, and the profiles observed on sucrose density
gradients faithfully represent these differences. Given the reproducibility
described above this would seem to be the most likely interpretation,
and it implies that 3-DDM does not cause significant monomerization
of dimers during the solubilization procedure, irrespective of the starting
material.

The likely presence of monomers in the intact membrane raises
questions about their effect on the organization of RC-LH1 complexes
in those membranes, and these can be addressed through the use of
LD spectroscopy. Previous work has shown the importance of the PufX
for the dimeric form of RC-LH1. LD spectra for PufX deficient strains
[20] or strains with a mutated PufX [38] indicated a lack of long-range
order in the arrangement of the RC-LH1 complexes in intact mem-
branes, leading to the conclusion that the mutations cause a modifica-
tion in the organization of RC-LH1 complexes from ordered dimers to
unordered monomers. In contrast to these previous studies we found
that, irrespective of growth conditions or carotenoid composition or
the presence/absence of LH2, all preparations of intact intracytoplasmic
membranes yielded LD and/or ALD spectra indicating an ordered ar-
rangement of RCs when the native PufX was present. In the case of
LH2-deficient membranes that contain the native PufX this LD spectral
signature of ordering has been associated with the presence of arrays
of RC-LH1 dimers [20]. This tallies with the high yields of dimers that
could be isolated from strains with native carotenoids grown under
photosynthetic conditions (Fig. 1E, G), or either of the strains containing
green carotenoids (Figs. 1B, D, F, H), but not with the high yields of
monomers obtained from strains WT-r or RCLH1X-r grown in the dark
(Figs. 1A and C, respectively). The data in Fig. 1 suggest that RC-LH1
complexes have a different structure in the latter strains when grown
under aerobic conditions, with the crucial factor likely to be the type
of carotenoid (spheroidenone) present in the complex, as there are no
indications that any other components vary according to growth condi-
tions (and it should be noted that results obtained with green strains
were essentially independent of growth conditions). In contrast to the
PufX-mutant strains previously described [20,38] long range order is
observed with the spheroidenone-containing complexes. This compari-
son leads towards the conclusion that a change in carotenoid composi-
tion does not have such a strong effect on the membrane organization as
a modification of the structure of PufX, or its absence.

Taken together with the profiles obtained using sucrose gradients,
the simplest interpretation of our data on spheroidenone-containing
membranes is that they contain mostly monomeric RC-LH1 complexes,
but these are packed together in the crowded membrane in a largely

ordered fashion that produces similar LD and ALD spectra to mem-
branes from strains with spheroidene or neurosporene as the principal
carotenoid, where the dimeric form is predominant. This requires the
assumption that the inherent elliptical shape of an individual monomer-
ic RC-LH1 complex (Fig. 4D) can induce order in the arrangement of
multiple such complexes when packed together in the membrane. In
fact this is in line with previous work on a PufX-deficient strain that
contains LH2, where the flexibility of the LH1 ring, together with the
inherent asymmetry of the RC, results in an elliptical shape for the
PufX-deficient monomeric RC-LH1 complex with a closed ring of LH1
around each RC. ALD spectra of membranes from this strain indicated
partial order in the arrangement of its PufX-deficient RC-LH1 complexes
which was attributed to close packing of multiple elliptical monomers [5,
6,8,11,20,32]. In the present case a similar packing phenomenon could
result in largely monomeric and elliptical PufX-containing RC-LH1 com-
plexes being organized into ordered domains in a similar way to the
dimeric form (Fig. 4E, F). As the RC cofactors exhibit a C; symmetry
each elliptical RC-LH1 complex could adopt one of two orientations
within an ordered array, and so such arrays could either be highly uni-
form in nature with a single orientation (Fig. 4E) or more heterogeneous
with a mixture of two opposing orientations (Fig. 4F). Furthermore, the
presence of some dimeric RC-LH1 complexes could aid in the uniform
alignment of RC-LH1 monomers more precisely than LH2 complexes
could in the LH2-containing PufX-deficient membranes as stated above.

Since there is a direct relation between the structure and interaction
of the complexes and the vesicle formation, a modification of the
carotenoid composition could induce an alteration of the way com-
plexes are embedded in the membrane resulting in a different vesicle
shape. The arrangement of RC-LH1 into ordered arrays, if similar for
monomers and dimers, should lead to the formation of some chromato-
phores with a tubular shape. However, according to our LD results on
intact cells, it does not seem to be the case. As the amplitude of the LD
measured on isolated membranes is slightly lower in the presence
of the monomeric RC-LH1 compared to membranes containing dimers,
we can conclude that the ordering of the RC-LH1 complexes in
spheroidenone-containing membranes is somehow altered and mem-
branes are smaller in length. The presence of LH1 empty ring probably
participates in this alteration. The tilt of about 5° between the two LH1
of the dimer observed by AFM might be absent in monomers and induce
a different membrane shape [10]. Notably, when PufX is not expressed
and results in a complete absence of dimers, chromatophores are larger
than in native cells grown under light conditions [29].

At present, we cannot exclude the possibility that a weak interaction
between RC-LH1 monomers is present in spheroidenone-containing
membranes and leads to a similar organization as obtained in mem-
branes with dimeric spheroidene- or neurosporene-containing com-
plexes. More extensive AFM studies of membranes from such
spheroidenone-containing cells could shed more light on this if the res-
olution was sufficient to distinguish RC-LH1 dimers from closely-
associated, ordered RC-LH1 monomers.

4.3. Physiological relevance of changes in membrane organization

Finally, it is relevant to consider the importance of the modification
of carotenoid composition and its effect on the RC-LH1 structure at the
physiological level. As outlined in the Introduction, Slouf and co-
workers [16] have recently delineated a photoprotective mecha-
nism that would be activated on the conversion of spheroidene to
spheroidenone in response to the presence of oxygen. A feature of this
spheroidenone-specific mechanism was proposed to be a twisting of
the carotenoid into an altered conformation to increase its conjugation
length and so tune its energy levels. An accompanying effect of such a
change in the conformation of the ~56 carotenoid molecules located
in each RC-LH1 dimer could be a structural change at the dimer inter-
face that manifests either as a markedly increased propensity for
monomerization on solubilization of intact membranes, or the presence
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of ordered monomers rather than ordered dimers in the spheroidenone-
rich membrane. The role of carotenoids in the dimerization process can
possibly take place where the two LH1 rings interconnect to form an S-
shape in dimers. Spheroidenone could induce a structural change alter-
ing the necessary discontinuity of the LH1 antenna to assemble into di-
mers. A possible relevant point to note is the evidence of interactions
between carotenoid and the PufX protein that is thought to be posi-
tioned close to the dimer interface and play a role in dimerization of
the RC-LH1 complex [7,48]. In addition to direct structural effects, a
change in carotenoid composition and conformation on switching cells
from anaerobic to aerobic growth could affect the properties of the
RC-LH1 dimer through an indirect effect on this crucial PufX protein.
The role of PufX in the LH1 ring opening for a proper quinone migration
has been demonstrated in the dimeric form of the RC-LH1 complex [1].
In the RC-LH1 monomer containing PufX the migration of the quinone
pool could be altered by the modification of the structure into a closed
ring. The presence of mainly monomeric RC-LH1-PufX complexes in
Rba. sphaeroides, when cells are grown under semi-anaerobic condi-
tions, offers the possibility to obtain more information about the differ-
ences of structure induced by the change of carotenoid composition.

In addition to producing this experimentally observable effect on the
amount and/or stability of the RC-LH1 dimer, a significant structural
change at the dimer interface could conceivably also serve to partially
decouple the antenna pigments in the two halves of the dimer and so
further contribute to photoprotection of the system. The triplet excited
states that sensitize singlet oxygen tend to be formed at high levels in
antenna systems when there is an interruption to the flow of excited
state energy into the trap formed by the RC electron transfer chain.
Decoupling of the two halves of an RC-LH1 dimer could limit the deliv-
ery of excited state energy to a damaged half of the dimer, reducing the
probability of further damage while still delivering excitation energy to
the functional half. It seems reasonable to postulate that under non-
stress conditions the dimeric structure offers advantages in terms of
the efficiency with which energy can be delivered from LH1 to an
open and functional RC, but such a flexible arrangement could be dele-
terious under conditions where photodamage is closing RCs and in-
creasing the levels of harmful BChl triplets and singlet oxygen.

A photoprotective response corresponding to a carotenoid confor-
mational change that induces a modification of a protein structure and
results in a remodeling of the photosynthetic membrane has also been
observed in the main light harvesting complex of plants [49,50], in dia-
toms [51] and cyanobacteria [52]. Photosynthetic organisms have possi-
bly developed similar mechanisms to deal with deleterious excess of
light.

5. Conclusions

We performed an in vivo investigation of the organization of purple
bacterial photosynthetic membranes by measuring LD on oriented, in-
tact cells. Only one green strain, containing RC-LH1 complexes in a pre-
dominantly dimeric configuration and lacking LH2, showed long-range
ordering of RCs. This result can best be explained by the packing model
where RC-LH1 dimers precisely interlock, forming elongated tubular
membranes [20]. Our data indicate a high proportion of elongated
membranes with all embedded RC-LH1 complexes in uniform orienta-
tion within intact cells from this specific strain.

Sucrose density gradient fractionation of solubilized membranes
from different strains and growth conditions showed major and repro-
ducible variations in the relative amounts of the monomeric and dimer-
ic forms of RC-LH1. Despite the main presence of native monomers in
some cases, LD spectroscopy performed on all intact membranes prep-
arations indicates that RCs, and by extension RC-LH1 complexes, are or-
ganized in a highly ordered fashion. Monomeric RC-LH1 complexes are
prevalent when strains with native carotenoids are grown in the pres-
ence of oxygen, a growth condition in which spheroidenone is synthe-
sized. As this carotenoid was recently found to have a particular

photoprotective role [16], it is tempting to speculate that a switch
from dimeric to monomeric architecture for the RC-LH1 complex also
forms part of this photoprotective response, a change that could occur
with only minor remodeling of the membrane. Although RC-LH1
monomers have been observed before in AFM images, they have been
omitted from derived models. Our data highlights the necessity to in-
clude RC-LH1 monomers in the models of Rba. sphaeroides membranes.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbabio.2014.07.003.
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