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In well-characterised species of the Rhodobacter (Rba.) genus of purple photosynthetic bacteria it is known
that the photochemical reaction centre (RC) is intimately-associated with an encircling LH1 antenna pigment
protein, and this LH1 antenna is prevented from completely surrounding the RC by a single copy of the PufX
protein. In Rba. veldkampii only monomeric RC-LH1 complexes are assembled in the photosynthetic mem-
brane, whereas in Rba. sphaeroides and Rba. blasticus a dimeric form is also assembled in which two RCs are
surrounded by an S-shaped LH1 antenna. The present work established that dimeric RC-LH1 complexes can
also be isolated from Rba. azotoformans and Rba. changlensis, but not from Rba. capsulatus or Rba. vinaykumarii.
The compositions of the monomers and dimers isolated from these four species of Rhodobacter were similar to
Reaction centre those of the well-characterised RC-LH1 complexes present in Rba. sphaeroides. Pigment proteins were also
Light harvesting isolated from strains of Rba. sphaeroides expressing chimeric RC-LH1 complexes. Replacement of either the
PufX Rba. sphaeroides LH1 antenna or PufX with its counterpart from Rba. capsulatus led to a loss of the dimeric
LHT antenna form of the RC-LH1 complex, but the monomeric form had a largely unaltered composition, even in strains
in which the expression level of LH1 relative to the RC was reduced. The chimeric RC-LH1 complexes were
also functional, supporting bacterial growth under photosynthetic conditions. The findings help to tease
apart the different functions of PufX in different species of Rhodobacter, and a specific protein structural ar-
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rangement that allows PufX to fulfil these three functions is proposed.
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1. Introduction

The purple photosynthetic bacterium Rhodobacter (Rba.) sphaeroides
has provided many insights into the molecular mechanisms underlying
photosynthetic energy transduction. Light-driven charge separation is
catalysed in a reaction centre (RC) that is surrounded by a light-
harvesting 1 (LH1) pigment protein. This LH1 antenna is made up from
multiple copies of single membrane-spanning o~ and -polypeptides
that encase bacteriochlorophyll (BChl) and carotenoid pigments [1-10].
These so-called RC-LH1 core complexes are associated with a peripheral
antenna formed from light-harvesting 2 (LH2) pigment proteins [11,12].
The RC-LH1 complex assembles in the photosynthetic membrane in two
forms, a monomeric version in which the RC is surrounded by a C-shaped
LH1 aggregate (when viewed perpendicular to the membrane) and a di-
meric version displaying two-fold symmetry where two RCs are

Abbreviations: AFM, atomic force microscopy; Apn1/Arc, ratio of LH1 absorbance to
RC absorbance; BChl, bacteriochlorophyll; DM, decyl 3-p-maltoside; DDM, n-dodecyl-
{3-p-maltoside; DHPC, 1,2-diheptanoyl-sn-glycero-3-phosphocholine; EM, electron mi-
croscopy; LDAO, N,N-dimethyldodecylamine N-oxide; LH1, light-harvesting 1 pigment
protein; LH2, light-harvesting 2 pigment protein; NMR, nuclear magnetic resonance;
0G, octyl B-p-glucoside; PDB, Protein Data Bank; PMS, phenazine methosulphate; RC,
reaction centre; Rba, Rhodobacter; Rps, Rhodopseudomonas
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surrounded by an S-shaped LH1 aggregate [13]. To date, dimeric com-
plexes have been documented in Rba. sphaeroides by electron microscopy
(EM) of isolated proteins [13-15] and atomic force microscopy (AFM) of
membranes [16,17] and in a second species, Rba. blasticus, by AFM of
membranes [18]. In contrast, the RC-LH1 complex has been reported to
be exclusively monomeric in Rba. veldkampii, as judged by AFM of intact
membranes and cryo-EM of isolated complexes [19,20].

An additional component of the Rba. sphaeroides RC-LH1 complex is
a polypeptide termed PufX which is present at a stoichiometry of one
per RC-LH1 monomer (see [21] for a review). This protein has a single
membrane-spanning o-helix and appears to prevent the LH1 antenna
from completely encircling the RC [14,22], which is the case in some
other species of purple bacteria where there is no evidence of a PufX
or equivalent polypeptide [23-27]. Removal of the gene encoding
PufX from the Rba. sphaeroides genome results in the assembly of exclu-
sively monomeric RC-LH1 complexes in which the RC is completely
surrounded by a closed ring of LH1 pigment protein [14,22], and loss
of the ability of the organism to grow under standard photosynthetic
conditions [28-30]. In experiments with Rba. sphaeroides it has been
found that the truncation of the N-terminus of PufX leads to a loss of
the dimeric form of the RC-LH1 complex [31,32] and there is a general
consensus that PufX is a major factor dictating whether dimeric RC-LH1
complexes are assembled in this species. However the RC-LH1 complex
of Rba. veldkampii is exclusively monomeric despite the fact that this
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species also possesses a PufX [19,20], and it would therefore appear that
the assembly of dimeric RC-LH1 complexes is not simply dictated by
the presence of PufX per se, but is dependent on other factors.

It is not yet clear why some Rhodobacter species assemble dimeric
RC-LH1 core complexes while others do not, and what advantage
(s) the dimeric architecture confers. Monomeric RC-LH1 complexes
are visible in AFM images of membranes of Rba. sphaeroides, forming a
minor population alongside the major population of dimeric RC-LH1
complexes [16,33]. A systematic, quantitative analysis of the relative
amounts of monomer and dimer in AFM images of Rba. sphaeroides
membranes has not been carried out to date. In large membrane
patches from Rba. blasticus formed by fusion of smaller fragments in
two freeze-thaw cycles, 75% of the observed RC-LH1 complexes were
dimeric and the remainder monomeric [18], but it was not possible to
determine whether the monomers were produced from the dimers
during sample preparation, or whether the two forms existed in equi-
librium in intact bacterial cells. It is clear that PufX determines the
open architecture of the Rba. sphaeroides RC-LH1 complex, enlarged
and closed rings of LH1 being seen for PufX-deficient RC-LH1 com-
plexes in AFM topographs and in EM data [14,22]. Such PufX-deficient
complexes are exclusively monomeric, the open architecture seen in
PufX-containing RC-LH1 complexes being required for dimerisation.
Studies of the impact of these different architectures for the RC-LH1
complex on cyclic electron transfer in the photosynthetic membrane
have focussed on the effects of removal of PufX and the resulting closed
structure for the LH1 antenna [34-36], and to date there has been no at-
tempt to determine whether the monomeric and dimeric forms of the
RC-LH1 complex result in differences in the characteristics of cyclic
electron transfer. A complication is uncertainty over the relative popu-
lations of RC-LH1 monomers and dimers in a particular type of strain
grown under particular conditions, available data being limited to a
handful of studies employing either sucrose gradient fractionation of
detergent-isolated complexes [17,32,37] or analysis of patches of intact
membrane by AFM or EM [14-16,31].

The finding that the RC-LH1 complex from Rba. sphaeroides as-
sembles in a dimeric form whereas that from Rba. veldkampii is exclu-
sively monomeric has raised the question of which component(s) of
the complex are responsible for this difference. Particular attention
has been focussed on PufX, as a feature of this polypeptide is the rel-
atively low degree of sequence identity displayed across the Rhodo-
bacter genus [38]. Alignment of the five available PufX sequences
shows only eight absolutely conserved residues in a protein of be-
tween 75 and 83 amino acids (see [21] for a discussion). The PufX
from Rba. sphaeroides shows a high degree of identity with that
from Rba. azotoformans (89% — see Table 1), but much lower identity
with the PufX proteins from Rba. blasticus (26%), Rba. veldkampii
(23%) and Rba. capsulatus (23%). The latter three percentage

Table 1

Identity between the sequences of the component polypeptides of the RC-LH1 core
complex from Rba. sphaeroides and other Rhodobacter species where the sequence of
PufX is known.?.

Rba. sphaeroides Encoding Percentage identity
protein gene Rba. Rba. Rba. Rba.
azotoformans  blasticus  veldkampii  capsulatus

LH1  (PufB) pufB - - - 79

LH1 o (PufA) pufA - - - 77

RC L (PufL) pufl 95 80 70 78

RC M (PufM) pufM 96 77 74 76

RC H (PuhA) puhA - - - 61

PufX pufX 89 26 23 23

2 Determined using Swiss-Prot [74] to search for relevant sequences and ClustalW [75]
to align and calculate percentage identity. No entry indicates relevant gene sequence was
not available.

identities are much lower than those for the RC and LH1 polypeptides
that make up the remainder of the corresponding RC-LH1 complex
(Table 1).

Taken together with the loss of dimeric RC-LH1 complexes that ac-
companies the deletion of PufX in Rba. sphaeroides, the finding that
some species of Rhodobacter assemble dimers but others do not has led
to attempts to use PufX sequence alignments to identify a “dimerisation
motif”. The low identity between the five available PufX sequences
makes it challenging to identify specific residues that could dictate
whether the RC-LH1 complex will be dimeric or monomeric, but specific
proposals have been made and these are detailed in the Discussion. Some
of the logic underlying these proposals is based on the premise that the
RC-LH1 complex from both Rba. capsulatus and Rba. azotoformans assem-
bles in the dimeric form, an assumption that has not been tested experi-
mentally. One aim of the present study was therefore to look for
evidence of dimeric RC-LH1 complexes in these two species, and also ad-
dress the wider question of how common the dimeric variant of the RC-
LH1 complex is within the Rhodobacter genus by examining the pigment-
protein content of two newly characterised species, Rba. changlenesis [39]
and Rba. vinaykumarii [40].

The second aim of the present study was to further investigate the
factors that dictate whether the RC-LH1 complex assembles in a di-
meric form by utilising strains of Rba. sphaeroides that contain chime-
ric pigment-protein complexes. In previous work [41] it was reported
that photosynthetic growth was retained in a Rba. sphaeroides strain
where the native PufX had been replaced with the PufX from Rba.
capsulatus (a strain termed RCLH1sXc), despite the limited sequence
identity between the two (Table 1). The spectral characteristics of
the membrane-embedded RC-LH1 complex from the RCLH1sXc
strain were similar to those of the native complex and the strain
was also able to grow photosynthetically, which implied that some
of the roles of the native PufX could be fulfilled by the Rba. capsulatus
variant [41]. Also produced in this work were strains heterologously
expressing the Rba. capsulatus LH1 antenna alongside either the
Rba. sphaeroides PufX, the Rba. capsulatus PufX or no PufX [41]. The
present work examines whether dimeric RC-LH1 core complexes
are assembled in these strains of Rba. sphaeroides expressing non-
native LH1 and/or PufX proteins, and studies in more detail the com-
position and functionality of their chimeric RC-LH1 complexes.

2. Materials and methods
2.1. Sources and growth of native bacterial strains

Wild-type strains Rba. sphaeroides NCIB8253 and Rba. capsulatus
Kb-1 were revived from laboratory stocks. Rba. azotoformans (JCM
number 9340) was obtained from the Japan Collection of Microorgan-
isms (RIKEN Bioresource Centre). Native strains of Rba. changlensis
and Rba. vinaykumarii were kindly donated by Dr. Sasikala from the
Jawaharlal Nehru Technological University in Hyderabad, India. The
LH2-deficient Rba. sphaeroides strain DBCQ was also used [42],
which is strain NCIB8253 with the LH2-encoding puc operon replaced
by a cassette conferring resistance to streptomycin.

Rba. sphaeroides NCIB8253 and Rba. changlensis were grown in
M22 + medium [43] and Rba. capsulatus Kb-1 was grown in RCV-
PY medium [44]. Rba. azotoformans was grown in MMYS medium
(Japanese Collection of Microorganisms website (http://www.jcm.
riken.jp/)) and Rba. vinaykumarii was also grown in this medium
supplemented with 68 mM sodium glutamate and 137 mM glycerol.
Rba. sphaeroides was grown at 34 °C and the remaining species were
grown at 30 °C.

For growth under dark/semi-aerobic conditions a 10 ml aliquot of
the relevant medium in a 30 ml universal bottle was inoculated with
cells from a freeze-dried stock, glycerol stock or agar plate and placed
in an orbital incubator at 180 rpm for 24 h. These 10 ml starter cultures
were then used to inoculate 70 ml of medium in a 100 ml Erlenmeyer


http://www.jcm.riken.jp/
http://www.jcm.riken.jp/

338 LI Crouch, M.R. Jones / Biochimica et Biophysica Acta 1817 (2012) 336-352

flask, and these intermediate cultures were grown for 24 h at 180 rpm
and used to inoculate 1.5 L of medium in a 2 L Erlenmeyer flask. These
final large cultures were grown for ~36 h at 180 rpm before harvesting
cells by centrifugation.

Growth under anaerobic/illuminated conditions was carried out
initially in completely-filled 18 ml screw-top culture tubes that
were inoculated directly from stocks as above or from a 70 ml inter-
mediate culture grown under dark/semi-aerobic conditions. The cul-
ture tubes were incubated for 24 h in a glass circulating water bath
that was illuminated by four 100 W incandescent light bulbs and
then used to inoculate completely-filled 1 I Roux bottles that were in-
cubated under the same conditions for 2-3 days. For growth under
high illumination conditions the light bulbs were replaced by three
500 W tungsten halogen floodlamps.

2.2. Construction and growth of modified strains of Rba. sphaeroides

The plasmids used to express chimeric RC-LH1 complexes were
identical to those described in previous work [41], comprising differ-
ent combinations of the LH1 pufBA, RC pufLM and pufX genes from
Rba. sphaeroides and Rba. capsulatus cloned as an intact pufBALMX op-
eron into the broad-host range vector pRK415 that confers resistance
to tetracycline. Four different plasmids were used, all containing the
Rba. sphaeroides pufLM genes. Plasmid pRKEHLH1cXs contained
pufBA from Rba. capsulatus and pufX from Rba. sphaeroides, plasmid
PRKEHLH1cXc contained pufBA and pufX from Rba. capsulatus, plas-
mid pRKEHLH1sXc contained pufBA genes from Rba. sphaeroides and
pufX from Rba. capsulatus, and plasmid pRKEHLH1cX ™ contained
pufBA genes from Rba. capsulatus and lacked a pufX gene.

The plasmids were inserted into the Rba. sphaeroides deletion
strains DPF2/G and DD13/G [42] through conjugative crossing [43].
Strain DPF2 is native strain NCIB8253 with the pufBALMX operon
replaced by a cassette conferring resistance to neomycin [45], and
DPF2/G is a spontaneously-occurring variant of DPF2 with an unde-
fined mutation that causes expression of green carotenoids. Strain
DD13 is DPF2 with additional replacement of the LH2-encoding puc
operon replaced by a cassette conferring resistance to streptomycin
[42], and DD13/G is a spontaneously-occurring variant of DD13 with
an undefined mutation that causes expression of green carotenoids
[42]. The control strains used were DPF2/G and DD13/G complemen-
ted with plasmid pRKEH10 containing the Rba. sphaeroides pufBALMX
operon or plasmid pRKEH10X™ which is a derivative of pRKEH10
lacking pufX.

Growth of the engineered strains of Rba. sphaeroides was carried out
as described above for wild-type NCIB8253 except the medium was sup-
plemented with neomycin, streptomycin and tetracycline where appro-
priate, as described previously [46]. Tetracycline was not used for
growth under photosynthetic conditions to avoid the production of re-
active oxygen species that results from its photodegradation.

2.3. Preparation of membranes, pigment-protein solubilisation and
fractionation

Photosynthetic membranes were extracted from cells using a
French pressure cell, as described in [47]. Pigment proteins were solu-
bilised from these membranes by a protocol using 4% n-dodecyl-3-p-
maltoside (DDM) [15], as described in detail recently [46]. Solubilised
pigment proteins were fractionated by ultracentrifugation on 20-25%
(w/v) five-step sucrose density gradients, as also described in detail
recently. After photography, sucrose gradients were either fractionat-
ed for analysis by absorbance spectroscopy or intact gradients were
scanned at 1 mm intervals along their length using a PerkinElmer
Lambda35 spectrophotometer fitted with a fibre optic attachment
[46].

3. Results

3.1. Do Rba. capsulatus and Rba. azotoformans assemble dimeric RC-LH1
core complexes?

The use of protein sequence alignments to identify residues of PufX
that are key to the formation of RC-LH1 dimers requires knowledge of
whether dimers are assembled in each of the five species where the se-
quence of PufX has been determined, knowledge which is not available
for Rba. capsulatus or Rba. azotoformans. Accordingly, the profile of pig-
ment-protein complexes in Rba. capsulatus and Rba. azotoformans were
compared with that from Rba. sphaeroides. This was achieved by extrac-
tion of the RC-LH1 and LH2 complexes from intracytoplasmic mem-
branes using the mild detergent DDM, and fractionation by sucrose
density gradient ultracentrifugation. The result of fractionating solubi-
lised pigment proteins from Rba. sphaeroides NCIB8253, Rba. capsulatus
Kb-1 and Rba. azotoformans 9340 grown under photosynthetic condi-
tions is shown in Fig. 1A.

Either three or four pigmented bands were obtained in each su-
crose gradient, and the content of each band was identified by ab-
sorbance spectroscopy. The faint orange band at the top of each
gradient in Fig. 1A was attributable to free carotenoid (spectra not
shown); under this growth condition the principal carotenoid in
Rba. sphaeroides is spheroidene, and the spectra from all three gra-
dients were consistent with this. The intense green-brown band
below this was attributable to the peripheral LH2 antenna (spectra not
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Fig. 1. Sucrose gradient fractionation and absorbance spectra of solubilised pigment proteins
from wild-type Rba. sphaeroides, Rba. capsulatus and Rba. azotoformans. (A) Fractionated pig-
ment proteins and (B) corresponding absorbance spectra for material from cells grown under
light conditions. (C) Fractionated pigment proteins and (D) corresponding absorbance spec-
tra for material from cells grown under dark conditions. Numbers indicate the approximate
position of fractions removed for spectroscopy, and resulting spectra. (EJF) Absorbance at
875 nm from spectra recorded at 1 mm intervals along gradients of the type shown in
A and B, respectively. For comparison, profiles have been normalised at the maximum of
the upper band corresponding to monomeric RC-LH1 complexes. Key: sph— Rba. sphaeroides,
cap— Rba. capsulatus, azo— Rba. azotoformans.
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shown). The LH2 fraction consistently ran as two closely-spaced bands
for Rba. sphaeroides (Fig. 1A, left) and Rba. azotoformans (Fig. 1A, right),
whereas for Rba. capsulatus (Fig. 1A, centre) the LH2 fraction ran as a sin-
gle band corresponding to the lower of the two bands in the other two
species. The two LH2 bands obtained for Rba. sphaeroides have been pre-
viously attributed to two differently sized LH2 pigment proteins of 7 and
12 nm diameter [48]. The remaining two khaki-coloured bands in the
gradients loaded with Rba. sphaeroides pigment protein (Fig. 1A) are at-
tributable to monomeric (upper-numbered 1) and dimeric (lower-
numbered 2) RC-LH1 complexes [17,32,37], and an equivalent profile
was obtained with Rba. azotoformans (Fig. 1A, right). In contrast the gra-
dient loaded with complexes from Rba. capsulatus had only the band
corresponding to monomeric RC-LH1 core complexes, with no obvious
indication of the presence of dimers (Fig. 1A, centre).

Gradients of the type shown in Fig. 1A were analysed either by
carefully removing an aliquot from the centre of each band (at the po-
sitions indicated by the numbers) and recording an absorbance spec-
trum, or by recording absorbance spectra at 1 mm intervals along the
length of an intact gradient using a spectrophotometer fitted with a
pair of optical fibres (see Materials and methods). The latter method
was used to quantify the relative amounts of monomeric and dimeric
RC-LH1 complex (see below). The absorbance spectrum of the
Rba. sphaeroides RC-LH1 complex is a composite of RC bands at 760,
805 and 867 nm (an example of an RC spectrum is given in Fig. 3B),
and a dominant LH1 band at approximately 870 nm which masks
the RC 867 nm band. The LH2 antenna exhibits an absorbance band
at around 800 nm and a somewhat more intense band at 850 nm.

Fig. 1B shows absorbance spectra of aliquots removed from the
gradients in Fig. 1A at the positions indicated by the numbers. For
the purposes of comparison the spectra in Fig. 1B were corrected for
a small amount of baseline scatter between 650 and 950 nm, normal-
ized to an absorbance of 0.1 at the maximum of the 805 nm absor-
bance band, and then stacked. As reported previously, the spectra of
monomeric and dimeric Rba. sphaeroides RC-LH1 complexes were
similar to one another (Fig. 1B, spectra 1 and 2), and spectra of both
forms of the Rba. azotoformans RC-LH1 were also similar (Fig. 1B,
spectra 5 and 6). The spectrum of the monomeric Rba. capsulatus
complex (Fig. 1B, spectrum 3) showed a small increase in relative in-
tensity of the LH1 band associated with a ~5 nm shift of its maximum
to longer wavelengths relative to the spectrum of the Rba. sphaeroides
monomer (Fig. 1B, spectrum 1). The average absorbance maxima of
the LH1 component in these monomeric and dimeric complexes are
listed in Table 2. The spectrum of aliquot 4 was essentially featureless
(Fig. 1B, spectrum 4 — not normalized) indicating a lack of dimeric
RC-LH1 complexes in the DDM extract from Rba. capsulatus.

A convenient and simple way to assess the composition of a RC-
LH1 complex from its absorbance spectrum is to calculate the ratio
between the maxima at ~875 nm and ~805 nm, which provides a

number representative of the amount of LH1 BChl per RC (termed the
Arn1/Agc ratio). Ratios from spectra recorded for multiple gradients of
the type in Fig. 1A are reported in Table 2. In general the line-shape of
the spectra recorded was highly reproducible, resulting in low standard
deviations for the resulting Apyi/Arc ratios of around+0.2. For
Rba. sphaeroides the A y;/Agc ratios for monomeric RC-LH1 complexes
from dark- and light-grown cells were similar at 4.23 and 4.36, respec-
tively, and the equivalent values for Rba. azotoformans were 4.54 and
4.60. None of these values could be regarded as being significantly dif-
ferent from one another, given the associated standard deviations. For
Rba. capsulatus these Apyq/Arc ratios were a little higher, at 4.77 and
491, respectively. Although this could be taken as an indication that
the amount of LH1 per RC in Rba. capsulatus is greater than in
Rba. sphaeroides, this ratio does not take into account species variations
in the width of the LH1 band or its overlap with the underlying RC ab-
sorbance band at ~867 nm. As a result a cautious interpretation would
be that the composition of the monomeric RC-LH1 complexes was sim-
ilar in the three species, with no clear evidence of a significant differ-
ence. In general, the Ap4y1/Agrc ratios obtained for RC-LH1 dimers were
somewhat higher than the corresponding monomer for all three species
(Table 2), but again the differences were not so great that one could
conclude that there was a systematic difference in the amount of LH1
BChls per RC between monomers and dimers from these species.

Table 2 also summarises results from an analysis of multiple re-
peats of equivalent intact gradients to determine the percentage of
the total population of RC-LH1 complex in the monomeric and di-
meric form. As described previously (see Fig. 4 in [46]), absorbance
spectra were recorded at 1 mm intervals along the length of each gra-
dient, divided into monomer and dimer bins, and the total amount of
monomer and dimer calculated from the sum of the 875 nm absor-
bance in the component spectra. Sample profiles are shown in Fig.
1E and F. The data showed that RC-LH1 complexes extracted from
photosynthetically-grown Rba. sphaeroides cells comprised ~63%
monomer and ~37% dimer, whereas those from photosynthetically-
grown Rba. azotoformans cells comprised ~17% monomer and ~83%
dimer (Table 2). RC-LH1 complexes from Rba. capsulatus cells were
again exclusively monomeric with no hint of a dimeric form. It should
be noted that this pattern of results was highly reproducible, being ob-
served with several sets of gradients loaded with material originating
from at least three separate cell cultures. Data shown in Table 2 are
for at least four replicate gradients (actual numbers shown in brackets),
and standard deviations were typically of the order of 4+ 6%.

3.2. Complexes in cells grown under dark/semi-aerobic conditions.
A useful feature of many purple bacteria is that the photosynthetic

apparatus is assembled when cells are grown by aerobic respiration
in the dark, provided that the oxygen level in the culture is not too

Table 2
Quantification of photosystem components resolved through sucrose density gradient fractionation of solubilised membranes from species of Rhodobacter.
Species Growth Percentage total Monomer Dimer
population 4+ SD (n)?
% Monomer % Dimer Avt1/Arc =+ SD (n)? LH1 max” (nm) Arn1/Arc £ SD (n)? LH1 max® (nm)
Rba. sphaeroides Dark 1004+0.0 (4) 0.0+£0.0 (4) 4.2340.11 (16) 872 - -
Light 629453 (5) 37.1£53(5) 4.36+£0.18 (10) 875 4.58 £0.53 (5) 873-874
Rba. capsulatus Dark 100 0.0 4.77 £0.20 (5) 875 - -
Light 100 0.0 491+0.18 (11) 880 - -
Rba. azotoformans Dark 63.0+5.9 (5) 37.0£5.9 (5) 4.54+0.12 (10) 874 4.67+£0.17 (9) 874
Light 16.6+3.7 (9) 83.44+3.7 (9) 4.60+£0.22 (13) 876 4.9340.21 (15) 876-877
Rba. changlensis Dark 71.5+£7.1(7) 285+7.1(7) 4224015 (7) 873 4.3040.06 (2) 872
Light 59.04+6.1 (5) 41.0£6.1 (5) 4.22+£0.14 (5) 874 LH2¢ -
Rba. vinaykumarii Dark 100 0.0 4.04+0.48 (15) 870 - -
Light 100 0.0 3.72+0.31 (10) 873-874 - -

2 n — number of gradients.

P Maximum of LH1 Qy absorbance band.
¢ Pigmented band contaminated with LH2.



340 LI Crouch, M.R. Jones / Biochimica et Biophysica Acta 1817 (2012) 336-352

high. This enables extensive genetic manipulation of RCs and LH com-
plexes, including the introduction of changes that would be lethal to
cells growing under photosynthetic conditions. Fig. 1C shows sucrose
density gradient fractionation of pigment proteins from cells of
Rba. sphaeroides, Rba. capsulatus and Rba. azotoformans grown under
dark/semi-aerobic conditions. The principal carotenoid accumulated
in Rba. sphaeroides under these conditions is spheroidenone, produc-
ing a bright red colouration. For convenience, from this point on the
two sets of growth conditions are simply referred to as “light” and
“dark”.

In general the pattern of results obtained with dark-grown cells
was similar to that seen with light-grown cells, with Rba. capsulatus
completely lacking dimeric RC-LH1 complexes (Fig. 1C, middle) and
Rba. azotoformans having a pronounced pigmented band correspond-
ing to dimers (Fig. 1C, right). Numbered spectra corresponding to
particular positions on these gradients are shown in Fig. 1D, and ab-
sorbance maxima and A;y/Agc ratios from these spectra are listed
in Table 2. The most striking feature on comparing the data in Fig.
1A and C was that for both Rba. sphaeroides and Rba. azotoformans
the prominence of the dimer band was reduced in the material
extracted from dark-grown cells. In the case of Rba. azotoformans
the relative amount of dimer was reduced from ~83% in light-grown
cells to ~37% in dark-grown cells (Table 2), and this reduction was
observed reproducibly across several bacterial cultures.

In addition to this, the absorbance spectrum of the band labelled 8 in
Fig. 1C, corresponding to the expected position for RC-LH1 dimers,
showed the presence of significant amounts of the Rba. sphaeroides
LH2 antenna protein, with peaks at 800 nm (distinctly to the blue of
the expected position for a RC band at ~805 nm) and 850 nm, as well
as a shoulder at 875 nm attributable to LH1 (Fig. 1D, spectrum 8). This
showed that this faint band was not attributable to just RC-LH1 dimers
assembled in dark-grown Rba. sphaeroides cells, but rather to some
more complex mixture of aggregated LH2 and RC-LH1 complexes. Sim-
ilar spectra showing the presence of LH2 were also obtained on analysis
of intact gradients, confirming that it was not an artefact of fractionation
of the gradient. This LH2 contamination could not be removed by in-
creasing the detergent concentration during solubilisation of the pig-
ment proteins, changing the time or temperature for solubilisation or
adding salt (data not shown). Given this the relative population of di-
meric RC-LH1 complexes in dark-grown Rba. sphaeroides is assigned a
value of zero in Table 2, although it is possible that some or all of the
small amount of RC-LH1 complex seen co-migrating with aggregated
LH2 could be the dimeric form.

3.3. Origin of monomeric RC-LH1 complexes resolved by sucrose gradient
fractionation

The data in Fig. 1 showed that different relative amounts of mono-
meric and dimeric RC-LH1 complexes were resolved on sucrose den-
sity gradients depending on species and growth conditions, with the
monomer population varying from less than 20% to 100%. This could
either be an accurate reflection of the amount of monomer present
in intact membranes, or it could be the case that the membrane-
embedded RC-LH1 complex is exclusively dimeric, but monomerises
to variable extents upon removal from the native environment using
DDM. This raises the question of the sensitivity of the monomer/
dimer ratio to the details of the extraction procedure.

To address this a number control experiments were carried out to
examine the effects of altering the detergent concentration and other
solubilisation parameters on the relative amounts of monomeric and
dimeric RC-LH1 complex. One set of these experiments was carried
out using Rba. sphaeroides strain DBC(), which is derived from the
wild-type strain NCIB8253 and lacks the puc operon encoding the
genes for the LH2 antenna [49]. This strain was used because the ab-
sence of LH2 avoided any contamination of the band corresponding to
dimeric RC-LH1 complexes by aggregated LH2 (see above), and

because it possesses a greater proportion of dimeric RC-LH1 com-
plexes than the strain NCIB8253, allowing effects on the relative
amounts of monomer and dimer to be tracked more easily.

The standard extraction protocol involved incubation of a defined
concentration of membranes with 4% DDM at 4 °C for 30 min. As
shown in Supplementary Fig. 1, varying the concentration of DDM be-
tween 2% and 7% had no discernable effect on the relative intensities
of the lowest two intense pigmented bands corresponding to mono-
meric and dimeric RC-LH1 complexes, and their absorbance spectra
were also unaffected (data not shown). Use of 8 or 9% DDM resulted
in a smearing of bands on the gradient with a significantly smaller rel-
ative dimer population (Supplementary Fig. 1). Spectroscopic analysis
of the dimer band gave a normal A;};/Agc ratio (data not shown), but
this ratio was notably decreased for the samples taken from the
monomer band, which indicated that the detergent was disrupting
the native LH1 aggregates at this concentration. Doubling the incuba-
tion time or carrying out a 30 min incubation at room temperature,
both using the standard 4% DDM, also had no discernable effect on
the pattern of bands or spectra of the complexes (Supplementary
Fig. 1, far-right). It was therefore concluded that the relative yields
of monomeric and dimeric RC-LH1 complexes fractionated on su-
crose gradients were not particularly sensitive to variations in the
precise conditions used for extraction from the membrane. It should
also be noted that the variations in the relative populations of mono-
mer and dimer seen for different species grown under different con-
ditions were very reproducible, as evidenced by the standard
deviations of ~+6% detailed in Table 2.

Similar experiments were carried out on Rba. capsulatus mem-
branes to determine whether lowering the concentration of DDM
used in the extraction would reveal the presence of dimeric RC-LH1
complexes. Varying the concentration of detergent from 6% to 0.1%
produced no visible change in the pattern of bands on sucrose gradi-
ents or the spectra of the bands (Supplementary Fig. 2A,B). Concen-
trations of DDM lower than 0.5% achieved a very inefficient
extraction of complexes from the membrane (hence the faintness of
the bands in this gradient (Supplementary Fig. 2A, right)), and there
was still no evidence of a dimer fraction (data not shown).

The question of whether dimeric RC-LH1 complexes could be
extracted from membranes of Rba. capsulatus using alternative deter-
gents or lipids was also addressed. Dimers have been isolated from
Rba. sphaeroides using octyl 3-p-glucoside (OG) [32,37] or the lipid
1,2-diheptanoyl-sn-glycero-3-phosphocholine (DHPC) [14], and we
also tested decyl 3-p-maltoside (DM) and N,N-dimethyldodecylamine
N-oxide (LDAO). Supplementary Fig. 3 shows complexes extracted
from Rba. capsulatus membranes using these detergents/lipid at con-
centrations between 2% and 0.5% — no dimeric RC-LH1 complexes
were resolved on these gradients. Data obtained with DM was similar
to that with DDM, but the other detergents did not give clean separa-
tion of LH1 and RC-LH1 monomers. With OG there was evidence of
contamination of the monomer RC-LH1 fraction by LH2, and DHPC
failed to separated LH2 and RC-LH1 complexes, the gradient contain-
ing smeared bands. With LDAO, spectra of bands indicated the pres-
ence of LH2 and free BChl, suggesting disaggregation of LH1. The
conclusions drawn from these experiments were that DDM and DM
gave the “cleanest” separation of LH2 and RC-LH1 complexes, and
that alternative detergents did not enable isolation of RC-LH1 dimers
from Rba. capsulatus.

3.4. Replacement of the Rba. sphaeroides PufX with that of Rba. capsulatus

In previous work it was shown that photosynthetic growth of
Rba. sphaeroides was not impaired if pufX was replaced by the equiva-
lent gene from Rba. capsulatus [41]. In the present study the effect of
this replacement on the relative amount of monomeric and dimeric
RC-LH1 complexes under different growth conditions was examined,
employing strains either possessing or lacking the LH2 antenna. The
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previous work employed LH2-deficient strains with native red/brown
carotenoids that were grown under dark conditions to avoid inducing
suppression mutations in non-native PufX or LH1 proteins, and to facil-
itate comparisons with non-photosynthetic PufX-deficient strains [41].
However, as illustrated in Fig. 1C and D, dark-grown strains with red/
brown carotenoids have the drawback that the relative amount of
dimer is very low when LH2 is also present, and the band expected to
correspond to dimeric RC-LH1 complexes often shows contamination
from aggregates of LH2. Accordingly, two equivalent sets of mutants
to those described in our earlier work were constructed in the so-
called “green” carotenoid background, one with and one without the
LH2 antenna. The principal carotenoids in green strains are neurospor-
ene and its hydroxy- and methoxy-derivatives [49].

Previously-constructed plasmids containing either native or chi-
meric puf operons [41] were expressed in Rba. sphaeroides deletion
strains DPF2/G [45] and DD13/G [42], as described in Materials and
methods. Both of these deletion strains are devoid of RC-LH1 com-
plexes due to deletion of the genomic copy of the puf operon, and
the latter is also devoid of LH2 due to a deletion of the genomic
copy of the puc operon. The resulting transconjugant strains were
named as in our previous publication [41] with upper case letters in-
dicating the different proteins in the RC-LH1 complex and the lower
case letters indicating the species (s — sphaeroides; ¢ — capsulatus) or
a deletion (d), but with the suffix “g” to denote green carotenoids and,
for one set, the suffix “2” to denote the presence of LH2. For the sake
of brevity, in the following the Rba. sphaeroides and Rba. capsulatus
PufX proteins are referred to as PufXs and PufXc, respectively, and like-
wise the corresponding LH1 pigment proteins are referred to as LH1s
and LH1c.

Fig. 2A (left) and C (left) shows the results of sucrose density gra-
dient fractionation of solubilised pigment proteins from the control
strain RCLH1sXs-g2, which has LH2 and an entirely Rba. sphaeroides
RC-LH1 complex, grown under light and dark conditions, respective-
ly. Mainly dimeric RC-LH1 complexes were extracted from light-
grown cells of strain RCLH1sXs-g2 (Fig. 2A, left), whereas dark-
grown cells yielded approximately equal amounts of monomer and
dimer (Fig. 2C, left). Quantitative analysis of multiple intact gradients
yielded values of 27% monomer and 73% dimer for light-grown cells,
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Fig. 2. Sucrose gradient fractionation and absorbance spectra of solubilised pigment
proteins from strains RCLH1sXs-g2, RCLH1sXd-g2 and chimera strain RCLH1sXc-g2.
(A) Fractionated pigment proteins and (B) corresponding absorbance spectra for mate-
rial from cells grown under light conditions. (C) Fractionated pigment proteins and
(D) corresponding absorbance spectra for material from cells grown under dark condi-
tions. Numbers indicate the approximate position of fractions removed for spectrosco-
py, and resulting spectra. Strain names are given without the prefix “RC”".

and 51% monomer and 49% dimer for dark-grown cells (Table 3). The
PufX-deficient control strain RCLH1sXd-g2 is also shown in Fig. 2C
(right) (it cannot be grown under light conditions). No dimeric RC-
LH1 complexes were obtained from this strain, as expected [17,37].

An equivalent analysis was also carried out on strain RCLH1sXc-
g2, in which PufXs was replaced by PufXc (Fig. 2A, centre and
Fig. 2C, centre). Regardless of growth conditions only monomeric
RC-LH1 complexes were detected, this conclusion being based on
both visual inspection and absorbance spectroscopy of intact gradi-
ents. An equivalent set of results were obtained with green strains
lacking the LH2 antenna (data not shown), and strains expressing na-
tive red/brown carotenoids (data not shown); in all cases no dimeric
RC-LH1 complexes were detected when PufXc replaced PufXs.

Absorbance spectra corresponding to numbered fractions from the
gradients in Fig. 2A and C are shown in Fig. 2B and D, respectively.
With two exceptions all the spectra indicating the presence of pig-
ment protein had a similar line-shape, demonstrating that the mono-
meric RC-LH1 complexes containing the Rba. capsulatus PufX had the
same composition as monomers and dimers containing the
Rba. sphaeroides PufX; as shown in Table 3 there was no significant
difference in the relative amounts of RC and LH1 in these complexes,
as assessed through the Ajy;/Agc ratios from several sets of gradients.
One exception to this was the spectrum of PufX-deficient monomeric
RC-LH1 complexes from strain RCLH1sXd-g2 (Fig. 2D, spectrum
9) which showed an elevated amount of LH1 absorbance per RC
(Table 3). In strains without PufX there is a complete encirclement
of LH1 around the RC in the monomeric RC-LH1 complex [14,22], re-
quiring additional copies of the LH1 o- and B-polypeptides and asso-
ciated BChls. This leads to an increase in the amount of LH1
absorbance at ~875 nm relative to RC absorbance at ~805 nm, and a
significantly higher A;y1/Agc ratio than is observed when PufX is pre-
sent in the complex. The data obtained on monomers from strain
RCLH1sXd-g2 was entirely consistent with this (Fig. 2D, spectrum 9
and Table 3). The second exception was the spectrum of fraction
8 from the gradient loaded with material from strain RCLH1sXc-g2
grown under dark/semi-aerobic conditions which had a line shape in-
dicating a (very low) level of an aggregate of LH2. There was no hint
from this spectrum of the presence of RC-LH1 complexes, matching a
lack of dimers in gradients loaded with complexes from light-grown
cells of the same strain (Fig. 2A, centre and Fig. 2B, spectrum 4).

The capacity of the RCLH1sXc-g2 strain for photosynthetic growth
was assessed alongside the controls RCLH1sXs-g2 and RCLH1sXd-g2,
as described in Materials and methods. The RCLH1sXs-g2 control
exhibited an approximately 10 h lag phase followed by exponential
growth, and representative growth curves for six cultures are
shown in Fig. 3A (black squares). The RCLH1sXd-g2 control was un-
able to grow over the time scale of the experiment due to the lack
of a PufX in the photosystem (Fig. 3A, grey triangles), in line with pre-
vious observations. The lag phase and rate of growth for the strain
RCLH1sXc-g2 (Fig. 3, light-grey circles) was not significantly different
from those of the RCLH1sXs-g2 control.

Capacity for photosynthetic growth was also assessed in an equiv-
alent set of strains with green carotenoids but lacking the LH2 anten-
na; these experiments were carried out at a higher light intensity to
compensate for the lack of the light-harvesting capacity of LH2 (see
Materials and methods). In full agreement with previous observa-
tions on equivalent strains with native red/brown carotenoids [41]
the strain possessing PufXc exhibited growth that was similar to
that shown by the control with PufXs (Fig. 4A, black squares and
light-grey circles, respectively), within both cases strong photosyn-
thetic growth after an adaptive lag of ~70 h. In contrast a strain lack-
ing either PufX showed no growth over the 100 h period of the
experiment (Fig. 4A, grey triangles). The findings illustrated in
Figs. 3A and 4A confirmed conclusions drawn from previous work
that PufXc can functionally substitute for PufXs and support photo-
synthetic growth [41]. It should be noted that the ~70 h lag displayed


image of Fig.�2

342

Table 3
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Quantification of photosystem components resolved through sucrose density gradient fractionation of solubilised membranes from chimera strains.

Strain Growth Percentage total population 4 SD (n)? Monomer Dimer
% monomer % dimer Arn1/Arc £ SD (n)? LH1 max® (nm) Ary1/Arc £ SD (n)? LH1 max” (nm)

RCLH1sXs-g2 Dark 51.74+5.5 (8) 483 +5.5(8) 4,06 +0.21 (12) 871 421 4+0.17 872

Light 27.4+18 (6) 72.6+1.8 (6) 3.91+0.08 (11) 870 3.9940.32 871
RCLH1sXd-g2 Dark 100 0 5.7240.40 (14) 873 - -

Light 100 0 5.764+0.15 (8) 874 - -
RCLH1sXc-g2 Dark 100 0 4.19+£0.34 (6) 870 - -

Light 100 0 3.89+0.06 (4) 871 - -
RCLH1cXs-g2 Dark 100 0 - - -

Light 100 0 - - -
RCLH1cXc-g2 Dark 100 0 - -

Light 100 0 3.68+£0.07 (2) 875-876 - -
RCLH1cXd-g2 Dark 100 0 5.6440.35 (4) 880 - -

Light 100 0 5.81+0.14 (2) 879-880 - -
RCLH1sXs-g Dark 2214239 (3) 7794239 (3) 4344022 (10) 871 4714012 (11) 871-872
RCLH1sXd-g Dark 100 0 6.14+0.13 (10) 873 - -
RCLH1sXc-g Dark 100 0 4.41+£0.09 (3) 871 - -
RCLH1cXs-g Dark 100 0 3.8940.22 (7) 878 - -
RCLH1cXc-g Dark 100 0 453+0.17 (4) 877-878 - -
RCLH1cXd-g Dark 100 0 6.3040.20 (3) 880-881 - -

¢ n — number of gradients.

b Maximum of LH1 Q, absorbance band.

by strains RCLH1sXs-g and RCLH1sXc-g was an adaptation and was not
due to a genetic change, as it was still present if the strains were grown
on for a second phase of photosynthetic growth following an interven-
ing phase of growth under dark conditions (data not shown).

3.5. Heterologous expression of the Rba. capsulatus LH1 antenna in the
presence of LH2

In our previous report [41] we also examined whether the
Rba. capsulatus LH1 (LH1c) would assemble in Rba. sphaeroides in
the presence of PufXs, PufXc or in the absence of either. Absorbance
spectra of intracytoplasmic membranes from strains with red/brown
carotenoids and lacking LH2 showed that an LH1 complex was indeed

assembled in all three cases, but there was a significant decrease in the
intensity of the LH1 absorbance band at ~875 nm relative to the RC band
at ~805 nm compared to strains expressing the Rba. sphaeroides LH1
(LH1s) [41]. Organisation of RCs and LH1c complexes in these strains
was not examined, but in principle they could contain lowered levels
of “normal” monomeric or dimeric RC-LH1 complexes together with
naked RCs, or RC-LH1 complexes with a reduced complement of LH1c,
either as a uniform population or a distribution of sizes.

In the present work, LH1c was expressed in strains containing LH2
and with green carotenoids. Three strains were constructed, posses-
sing PufXs (RCLH1cXs-g2), PufXc (RCLH1cXc-g2) or lacking a PufX
(RCLH1cXd-g2). Photosynthetic growth of these strains was com-
pared with that of the controls RCLH1sXs-g2 and RCLH1sXd-g2 that
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Fig. 3. Growth under photosynthetic conditions for strains with LH2. Six cultures were grown in parallel for each strain and each panel includes data for PufXs-containing strain
RCLH1sXs-g2 (black squares) and PufX-deficient strain RCLH1sXd-g2 (grey triangles, compared with data (light-grey circles) for strain (A) RCLH1sXc-g2, (B) RCLH1cXs-g2,

(C) RCLH1cXc-g2, (D) RCLH1cXd-g2.
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Fig. 4. Growth under high light photosynthetic conditions for strains lacking LH2. Four
cultures were grown in parallel for each strain. (A) Growth of strains RCLH1sXs-g
(black squares), RCLH1sXs-g (light-grey circles) and RCLH1sXd-g (grey triangles).
(B) Growth of strains RCLH1cXs-g (grey diamonds), RCLH1cXc-g (black triangles)
and RCLH1cXd-g (light-grey pentagons). (C) Growth of a strain lacking both LH1 and
LH2 (black stars).

contained LH1s (Fig. 3B-D). All three strains expressing LH1c were
capable of photosynthetic growth, and for strains RCLH1cXc-g2
(Fig. 3C, light-grey circles) and RCLH1cXd-g2 (Fig. 3D, light-grey cir-
cles) the characteristics of this growth were similar to those displayed
by the RCLH1sXs-g2 control (black squares). In the case of strain
RCLH1cXs-g2 (Fig. 3B, light-grey circles) its growth appeared to be
consistently significantly faster than that of the RCLH1sXs-g2 control
(black squares).

The results of fractionating the solubilised membrane proteins
originating from photosynthetically-grown cells of these strains are
shown in Fig. 5A. Surprisingly, given their capacity for photosynthetic
growth, the RCLH1cXc-g2 and RCLH1cXd-g2 strains had only a very
small amount of monomeric RC-LH1 complexes and no dimeric com-
plexes (gradients labelled LH1cXc and LH1cXd, respectively) whereas
no RC-LH1 complexes of either sort were detected in the case of the
RCLH1cXs-g2 strain (gradient labelled LH1cXs). Similar results were
observed when the same strains were grown under dark/semi-aero-
bic growth conditions (Fig. 5B). The spectrum of the small amount
of PufXc-containing monomeric RC-LH1 complex that was resolved
on these gradients (not shown) was similar to that of PufXs-
containing monomers in terms of line-shape and Ajyi/Agc ratio
(Table 3). Furthermore the spectra of the small amount of monomers

LH1s LH1c LH1c LH1c LH1s
Xs-g2 Xs-g2 Xc-g2 Xd-g2 Xd-g2

Fig. 5. Sucrose gradient fractionation of solubilised pigment proteins from LH2-
containing Rba. sphaeroides strains with native or altered RC-LH1 complexes. (A) Frac-
tionated pigment proteins from cells grown under light conditions. (B) Fractionated
pigment proteins from cells grown under dark conditions. Strain names are given with-
out the prefix “RC”".

assembled in the RCLH1cXd strain had a high ratio of A;1/Agrc (>5.5)
typical of a PufX-deficient RC-LH1 complex (Table 3).

These findings called into question whether the photosynthetic
growth observed for these LH2-containing strains expressing the
Rba. capsulatus LH1 genes could be attributed to the strongly de-
pressed levels of chimeric RC-LH1 complex present, particularly for
strain RCLH1cXs-g2 where no RC-LH1 complexes could be detected.
Given that the level of expression of the Rba. sphaeroides RC should
not be affected by changes to the complement of PufX and/or LH1
proteins [49], and appreciable levels of RC must have been present
in these strains to achieve photosynthetic growth, this led to the con-
clusion that it was more likely that the photosynthetic growth shown
in Fig. 3B-D was attributable to free RCs interacting directly with LH2,
with the small amounts of RC-LH1 complex in strains RCLH1cXc-g2
and RCLH1cXd-g2 playing only a minor role. Such LH1-independent
growth is well documented, including in strains of Rba. sphaeroides
that also lack PufX [50]. A band corresponding to LH1-free RCs was
not seen on the gradients shown in Fig. 5 because the position that
RCs migrate to on such gradients is similar to that of LH2, and their
largely coincident absorbance spectra would make a minor popula-
tion of RCs difficult to detect in the presence of an excess of LH2.
This point is returned to below.

3.6. Heterologous expression of the Rba. capsulatus LH1 antenna in the
absence of LH2

To investigate further whether the LH1c-containing strains had
functional RC-LH1 complexes and/or a population of free RCs an analy-
sis was carried out on an equivalent set of strains expressing LH1c but
lacking LH2. These strains were denoted RCLH1cXs-g, RCLH1cXc-g
and RCLH1cXd-g, and their properties were compared with equivalent
LH2-deficient control strains RCLH1sXs-g and RCLH1sXd-g. The spectra
of cells and membranes from the strains possessing the LH1c protein
showed a decreased LH1 absorbance at ~875 nm relative to RC absor-
bance ~805 nm (by a factor of approximately 50% — data not shown),
consistent with our earlier study which was also carried out on LH2-
deficient strains but with red/brown carotenoids [41].
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The results of sucrose density gradient fractionation of solubilised
pigment proteins from dark-grown cells are shown in Fig. 6A. Gradi-
ents for the three LH2-deficient strains expressing LH1c (Fig. 6A, cen-
tre) had an additional purple band (numbered 1-3) at a position
between the green band at the top of the gradient corresponding to
free carotenoid and the lower khaki band due to monomeric RC-
LH1 complexes. This purple band was not evident in gradients loaded
with material from either control strain containing LH1s (Fig. 6A, left
and second from right). DDM-solubilised RCs from a Rba. sphaeroides
strain devoid of both LH2 and LH1 (Fig. 6A, right, band 4) were found
to migrate to the same position as the purple bands seen in the gradi-
ents fractionating proteins from strains expressing LH1c (Fig. 6A, cen-
tre). Samples of purple bands 1-4 were removed, spectra recorded,
corrected for background scatter between 650 and 950 nm and nor-
malized to the same amplitude of the band at ~805 nm (Fig. 6B). All
four spectra had the line shape expected for the RC, with possible
contamination by a small amount of LH1 for the gradients loaded
with pigment proteins from strains RCLH1cXs-g (band/spectrum 1)
and RCLH1cXc-g (band/spectrum 2), evidenced by a very small addi-
tional absorbance at ~875 nm. Thus it was concluded that membranes
from the strains expressing the LH1c had a sizeable population of free
RCs; as discussed above, in sucrose gradient analysis of strains posses-
sing LH2 this population would be masked by LH2 which migrates to
the same position on the gradient (compare Fig. 6A with Fig. 5).

Turning to the remaining pigmented bands in Fig. 6A, the control
strain RCLH1sXs-g had a high proportion of dimeric RC-LH1 com-
plexes (Fig. 6A, bands 5 and 6) whereas the PufX-deficient control
strain, RCLH1sXd-g, had only monomeric RC-LH1 core complexes,
as expected (Fig. 6A, band 10). The percentage of dimer from a quan-
titative analysis of multiple intact gradients was 78% for RCLH1sXs-g
and 0% for RCLH1sXd-g (Table 3). In all three gradients loaded with
material from strains expressing LH1c there was no indication of
the presence of dimeric RC-LH1 core complexes from a visual inspec-
tion of the gradients (Fig. 6A, centre), and this was confirmed by a
spectroscopic analysis of intact gradients (data not shown).
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Fig. 6. Sucrose gradient fractionation and absorbance spectra of solubilised pigment
proteins from LH2-deficient Rba. sphaeroides strains with native or altered RC-LH1
complexes. (A) Fractionated pigment proteins from cells grown under dark conditions.
(B) Corresponding absorbance spectra for pigmented bands 1-4. (C) Corresponding
absorbance spectra for pigmented bands 5-10. Numbers indicate the approximate po-
sition of fractions removed for spectroscopy, and resulting spectra. Strain names are
given without the prefix “RC".

Samples of RC-LH1 complexes were removed from the gradients
at the positions shown by the numbers in Fig. 6A and absorbance
spectra recorded (Fig. 6C). Spectra of monomeric RC-LH1 complexes
containing LH1c (Fig. 6C, bands 7-9) showed a red shift in the maxi-
mum of the LH1 absorbance band of between 7 and 10 nm, relative to
the position of this band in the spectrum of RC-LH1 complexes con-
taining LH1s (Fig. 6C, bands 5, 6 and 10). This observation correlated
with the red shift of this band seen for the Rba. capsulatus RC-LH1
complex isolated from wild-type strain Kb-1 (Fig. 1B and D). Aside
from the red shift of the LH1 absorbance band, the spectrum of mono-
mers from strains RCLH1cXs-g and RCLH1cXc-g (Fig. 6C, spectra 7 and
8, respectively) was similar to that of monomers and dimers from the
control strain RCLH1sXs-g (Fig. 6C, spectrum 5), suggesting a uniform
composition for these complexes with a RC surrounded by an incom-
plete ring of LH1 pigment protein, closure of the ring being prevented
by either PufXs or PufXc. Values of A;y1/Agrc for these complexes de-
termined from analysis of multiple intact gradients are shown in
Table 3. The spectrum of the monomeric RC-LH1 complexes from
strain RCLH1cXd-g (Fig. 6C, spectrum 9) was similar to that of mono-
mers from strain RCLH1sXd-g (Fig. 6C, spectrum 10), showing an in-
creased amount of LH1 absorbance per unit RC absorbance
(quantified in Table 3). The simplest interpretation of this was that
removal of PufX caused complete encirclement of the RC by LH1c in
a manner similar to that obtained with LH1s.

Another striking feature of the three gradients loaded with mate-
rial from strains expressing LH1c (Fig. 6A, centre) was the high con-
centration of carotenoid at the top of the gradient relative to the
two controls expressing LH1s (Fig. 6A, left and second from right).
This accumulation of carotenoid was also observed for the gradient
loaded with material from the RC-only strain (Fig. 6A, right). In con-
trast there was no evidence of accumulation of free bacteriochlorin
pigments in these strains with strongly reduced photosystems.

The capacity for photosynthetic growth of the LH2-deficient
strains expressing LH1c was examined. Previous work on equivalent
strains with native red/brown carotenoids reported an unusual bi-
phasic photosynthetic growth at high light intensity for the strains
with PufXc or no PufX, but not for the strain with PufXs [41]. Fig. 4B
shows photosynthetic growth of three replicate cultures of strains
RCLH1cXs-g (grey diamonds), RCLH1cXc-g (black triangles) and
RCLH1cXd-g (light-grey pentagons). Broadly consistent with our pre-
vious study, strains RCLH1cXc-g and RCLH1cXd-g both showed an ini-
tial phase of growth with no lag, followed by a levelling-off of the OD
of the culture at a value of 0.5-0.7 and then a strong phase of growth
starting around 50 h. In our previous work this initial phase was not
attributed, although it was pointed out that it had similarities to the
weak photosynthetic growth of a so-called RC-only strain that lacks
both LH1 and LH2 [41]. However, the analysis described in Fig. 6
showed that strains RCLH1cXc-g and RCLH1cXd-g both contained a
sizeable population of antenna-free RCs in addition to monomeric
RC-LH1 complexes, and so the initial phase of photosynthetic growth
exhibited by these strains can now more firmly be attributed to
growth facilitated by free RCs. Growth of an antenna-deficient strain
of Rba. sphaeroides with green carotenoids is shown for comparison
in Fig. 4C; growth of this “RC-only” strain proceeded with no lag but
levelled off when the culture reached an OD of around 0.5, gradually
declining thereafter. This failure of RC-only cultures to achieve high
culture densities has previously been attributed to their limited
light-harvesting capacity [41]. Comparison of Fig. 4C and B demon-
strates that the phase of strong exponential growth starting at
t=>50 h seen for strains RCLH1sXs-g and RCLH1cXs-g can be attribut-
ed to their complement of RC-LH1 complexes, as this was not seen for
the antenna-deficient control strain (Fig. 4C).

Also consistent with our earlier report, growth of strain
RCLH1cXs-g did not shown an initial phase of photosynthetic growth
that is attributable to antenna-free RCs. This was despite the fact that
free RCs were present in this strain at levels comparable to those seen
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in strains RCLH1cXc-g and RCLH1cXd-g (Fig. 6A). Possible reasons for
this difference are considered in the discussion. Instead, strain
RCLH1cXs-g showed the sort of photosynthetic growth seen in the
RCLH1sXs-g and RCLH1sXc-g strains (Fig. 4A), with an exponential
phase attributable to RC-LH1 complexes that followed a long adap-
tive lag of ~70 h.

3.7. Exploring the photosystem components present in other Rhodobacter
species

To cast light on whether the dimers seen in Rba. sphaeroides,
azotoformans and blasticus represent an atypical or typical structural ar-
rangement, and whether greater structural variety exists within the
genus Rhodobacter, RC-LH1 complexes from two less well-characterised
species were examined. Isolates of Rba. vinaykumarii and Rba. changlensis
were grown under both dark and light conditions, as described in
Materials and methods. Pigment-protein complexes were solubilised
from intracytoplasmic membranes and fractionated on sucrose density
gradients by ultracentrifugation.

The results of this analysis are summarised in Fig. 7, with data for
Rba. sphaeroides shown for comparison. The gradients for all three
species exhibited an upper intense pigmented band corresponding
to LH2 (Fig. 7A and C for light- and dark-grown cells, respectively)
and a lower band corresponding to monomeric RC-LH1 complexes.
The twin LH2 bands seen in gradients loaded with material from
Rba. sphaeroides were also seen for the other species in Fig. 7, but
with some variation in the relative intensities of the two bands, par-
ticularly for dark-grown Rba. changlensis (Fig. 7C, right).

Both light-grown and dark-grown Rba. vinaykumarii had a band cor-
responding to monomeric RC-LH1 complexes (Fig. 7A, left and 7 C, left,
respectively). The spectra of monomers (Fig. 7B, spectrum 1 and 7D,
spectrum 7) was similar to that of Rba. sphaeroides monomers (Fig. 7B,
spectrum 3 and 7D, spectrum 9), but with a ~2 nm blue shift of the
LH1 absorbance band (Table 2). Average values of Aj1y1/Arc were slightly
lower than those of the equivalent Rba. sphaeroides complexes, but this
difference was not significant for dark-grown cells and of marginal signif-
icance for light-grown cells (Table 2). No dimers could be detected for
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Fig. 7. Sucrose gradient fractionation of solubilised pigment proteins from Rba. vinaykumarii,
Rba. sphaeroides and Rba. changlensis. (A) Fractionated pigment proteins and (B) corre-
sponding absorbance spectra from light-grown cells. (C) Fractionated pigment proteins
and (D) corresponding absorbance spectra from dark-grown cells. Numbers indicate the
approximate position of fractions removed for spectroscopy, and resulting spectra. Key:
vin— Rba. vinaykumarii, sph— Rba. sphaeroides, cha— Rba. changlensis.
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light-grown (Fig. 7A, left) or dark-grown (Fig. 7C, left) Rba. vinaykumarii,
spectra of aliquots extracted from gradients at positions 2 and 8 being
featureless (Fig. 7B, spectrum 2 and Fig. 7D, spectrum 8).

Rba. changlensis showed clear evidence for the presence of dimers
in both light-grown and dark-grown cells, (Fig. 7A and C, right), with
absorbance spectra (Fig. 7B, spectrum 6 and 7D, spectrum 12) and
Arn1/Agc ratios (Table 2) similar to those for the corresponding com-
plex from light-grown Rba. sphaeroides (Fig. 7C, spectrum 4). Unlike
in Rba. sphaeroides the dimer band from dark-grown cells was not
contaminated with LH2 (Fig. 7D, spectrum 12). The Rba. changlensis
RC-LH1 complex was primarily monomeric in dark-grown cells
(72%) shifting to a more even distribution in light-grown cells (59%
monomer, 41% dimer), in line with the trend seen for both
Rba. sphaeroides and Rba. azotoformans (Table 2).

4. Discussion
4.1. Monomeric and dimeric RC-LH1 complexes in vivo and in vitro

As outlined in the Introduction, extraction of RC-LH1 complexes
from Rba. sphaeroides membranes consistently produces a mixture of
monomeric and dimeric forms, producing two discrete bands when
solubilised RC-LH1 complexes are fractionated on sucrose density gra-
dients [17,21,32,37,46]. An open question is the extent to which the dis-
tribution between monomeric and dimeric RC-LH1 complexes isolated
in this way is an accurate reflection of the distribution in the membrane,
as side-by-side comparisons of quantitative data from AFM and sucrose
density gradients have not been carried out. As one aim of the present
work was to look for evidence of dimeric RC-LH1 complexes in other
species or engineered strains, particular attention was paid to how the
precise conditions of DDM extraction of membranes affected the profile
of isolated complexes.

One point that emerged from the data shown in Figs. 1, 2, 5-7,
Supplementary Fig. 1 and Tables 2 and 3 is that the relative amounts
of monomer and dimer obtained for a particular Rba. sphaeroides
strain grown under particular conditions showed good reproducibili-
ty across several sets of bacterial cultures, DDM extractions and su-
crose gradients. In control experiments carried out on a number of
strains, one of which is shown in Supplementary Fig. 1, halving or
near-doubling the concentration of DDM used in the extraction had
no significant effect on the relative amount of monomer and dimer,
nor did doubling the time of the detergent extraction, or carrying it
out at room temperature. If the monomer population arises from dis-
sociation of dimers during the extraction then one might have
expected the relative amount of monomer to increase with increases
in detergent concentration, or extraction time or temperature, but
this was not observed.

A second point to emerge from the data on Rba. sphaeroides was
that there was considerable (but reproducible) variation in the rela-
tive amount of monomer and dimer depending on the strain studied
and growth conditions employed. So, for example, the dimer yield
was 0% for dark-grown wild-type, 37% for light-grown wild-type,
49% for the dark-grown green RCLH1sXs-g2 strain, and 73% for the
light-grown green RCLH1sXs-g2 strain (Tables 2 and 3). When LH2
was removed, in strain RCLH1sXs-g, the dimer yield was 78% in
dark-grown cells; under these conditions the Rba. sphaeroides is
expected to assemble dimer-rich tubular membranes [51]. These ob-
servations either mean that the amount of dimer assembled in the
membrane is variable, with a tendency for higher relative populations
in light-grown cells where the photosynthetic apparatus is active, or
that the stability of the dimer is different in the different types of
strain/growth conditions, which would imply differences in composi-
tion and/or structure. Contributory factors could be differences in ca-
rotenoid type or lipid profile under different growth conditions. A
similar dependence of dimer yield on growth conditions was seen
for Rba. azotoformans (Fig. 1 and Table 2), where a higher yield was
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obtained in light-grown cells (83%) then dark-grown cells (37%), and
to a less marked extent in Rba. changlensis (Fig. 7 in Table 2) where
the equivalent values were 41% and 29%, respectively.

To summarise, it is not clear whether the monomers observed
upon fractionation of DDM-solubilised pigment proteins on sucrose
gradients are dissociated dimers, but given published evidence that
the monomeric form is found in intact membranes, the insensitivity
of the monomer yield to extraction conditions and the reproducible
variations in monomer/dimer yields in different strains of
Rba. sphaeroides grown under different conditions, it seems more
likely that the results obtained with the sucrose gradients are a
good reflection of the relative amounts of monomeric and dimeric
RC-LH1 complexes in the membrane.

4.2. The composition of the RC-LH1 complexes

The data summarised in Tables 2 and 3 analyse the absorbance
spectra of a range of monomeric and dimeric RC-LH1 complexes, pre-
senting Apy1/Agc ratios obtained by dividing the absorbance at the
maximum of the LH1 Qy band (which was between 869 and 881 nm
depending on species or mutation) by the absorbance at the maxi-
mum of the RC band at around 805 nm. For monomers or dimers
from PufX-containing strains this ratio had average values between
3.7 and 4.9. Although there is a large spread between these limits,
there were no obvious statistically-significant trends between mono-
mers and dimers or between particular types of strain that might lead
one to suspect a real difference in the aggregation state of LH1 sur-
rounding the RC. This ratio was calculated as a simple indicator of
core complex composition, and to give a convenient way of quantify-
ing typical variability in the absorbance spectra obtained for a partic-
ular complex. As such it did not take into account variations in width
of the LH1 absorbance band or differences in its overlap with the un-
derlying absorbance band of the RC. The only clear trend that can be
pointed to was the significant increase in Apy;/Arc ratio seen in
PufX-deficient monomers (Figs. 2D and 6C), where values between
5.6 and 6.3 were obtained due to the additional BChls and associated
proteins that close the ring of LH1 around the RC in the absence of
PufX. The fact that such an increase in A;y1/Arc Was not seen when,
for example, PufXs was replaced by PufXc, allows the inference that
the non-native PufX is incorporated into the RC-LH1 complex in
place of the native protein.

What do the data summarised in Tables 2 and 3 mean in terms of
the composition of the monomeric RC-LH1 complex? The number of
pairs of LH1 a- and B-polypeptides surrounding each RC has been
variously estimated to be 13 for Rba. blasticus[18] and 12 or 14 for
Rba. sphaeroides[13,15,17], with 14 the currently favoured number
in the latter case [15]. These estimates are based on pigment analyses
and a variety of low-resolution structural data (see Holden-Dye et al.
[21] for a review). For Rba. veldkampii, which does not assemble di-
mers, it has been proposed that the RC is surrounded by 15 o/p
pairs [20]. Rba. veldkampii did not form part of the present study,
but an absorbance spectrum of monomers has been published [20]
and it is possible to calculate a Apy1/Agrc ratio of around 4.8 from
this, consistent with the upper end of the range of values for mono-
mers obtained in the present study. As discussed in detail by
Holden-Dye et al. [21], estimates of ratios of LH1 BChls per RC for
RC-LH1 complexes with and without PufX vary considerably, with
the only point of agreement being that this ratio increases when
PufX is removed. Given this, the most that can be said is that it is like-
ly that PufX-containing RC-LH1 monomers contain between 13 and
15 LH1a/P pairs, with perhaps some variation between species.

4.3. Is the Rba. azotoformans or Rba. capsulatus RC-LH1 complex dimeric?

The data shown in Fig. 1 demonstrate that the Rba. azotoformans
RC-LH1 complex assembles in the dimeric form. In fact the PufL,

PufM and PufX proteins from Rba. azotoformans exhibit a high degree
of identity with those from Rba. sphaeroides (Table 1), which would
suggest that the two species are closely related. This has been borne
out by phylogenetic trees based on genes for 16S rRNA, the RC PufM
protein or c-type cytochromes that consistently group Rba. sphaer-
oides and Rba. azotoformans closely together [38,52-54].

To our knowledge there have been no published accounts of at-
tempts to detect dimeric RC-LH1 complexes in Rba. capsulatus. The
data described in Fig. 1 indicate that when isolated from intracyto-
plasmic membranes using DDM the Rba. capsulatus RC-LH1 complex
is 100% monomeric, with no hint of a dimeric form. This was the case
for both light-grown and dark-grown cells. Taken together with the
observation that dimers were not obtained when PufXs was replaced
by PufXc (Fig. 2), or when PufXs was combined with LH1c (Figs. 5 and
6), we conclude that it seems unlikely that the Rba. capsulatus RC-
LH1 complex assembles in a dimeric form, but rather it has the mono-
meric form as observed in intact membranes from Rba. veldkampii. Al-
ternately, if dimers are assembled in the membrane in Rba. capsulatus
then they must be substantially less stable on detergent extraction
than their Rba. sphaeroides counterparts. For the reasons outlined
above we currently favour the first of these interpretations.

Is there circumstantial evidence concerning whether dimeric RC-
LH1 complexes are present or absent in Rba. capsulatus? One striking
finding with Rba. sphaeroides is that deletion of the LH2 antenna
changes the architecture of the intracytoplasmic membrane from ve-
sicular to tubular [51,55,56], and very convincing evidence has been
published that this highly-ordered tubular architecture is a direct
consequence of the bent structure of the RC-LH1 dimer [57]. If the
Rba. capsulatus RC-LH1 complex were dimeric then one might expect
LH2-deficient strains of Rba. capsulatus to similarly possess tubular
membranes. To our knowledge there are no published data on the
structure of intracytoplasmic membranes in such a strain, but in a re-
view of membrane architecture in photosynthetic bacteria, Drews
commented that “Recent studies with Rba. capsulatus mutants in
which the puc operon was completely deleted showed vesicles of ir-
regular size, but no tubules (J.R. Golecki and G. Drews, unpublished)”
[58]. Such a difference in membrane architecture between LH2-
deficient strains of Rba. sphaeroides and Rba. capsulatus would be con-
sistent with the RC-LH1 complex being dimeric (and tube forming) in
the former but not in the latter.

4.4. Insights from other species

The yields of extracted monomer and dimer were also examined in
two recently characterised species of Rhodobacter. Rba. vinaykumarii
was isolated from seawater on the coast of northern India and is salt-
tolerant, showing growth at up to 10% NaCl [40]. Rba. changlensis was
isolated from snow from Changla Pass in the Indian Himalayas and is
cold-tolerant, showing growth down to 5 °C [39]. Both have vesicular
membranes, and have absorbance spectra consistent with the presence
of LH1, LH2, BChl a and spheroidene/spheroidenone carotenoids [39,40].
Rba. changlensis exhibited a dimer band when pigment proteins were
fractionated on sucrose gradients (Fig. 7A,C), the amount of dimer being
intermediate between that seen in Rba. sphaeroides and Rba. azotoformans
in dark-grown cells, and similar to that seen in Rba. sphaeroides in light-
grown cells (Table 2). In contrast no dimers were detectable in the case
of Rba. vinaykumarii (Fig. 7A,C), similar to the result obtained with
Rba. capsulatus (Fig. 1A,C) and reported elsewhere for Rba. veldkampii
[19,20,48]. The spectra of monomers from Rba. vinaykumarii, capsulatus,
changlensis and azotoformans, and of dimers from the latter two, were
similar to that of their counterparts from Rba. sphaeroides, suggesting a
similar composition of a RC surrounded by ~14 (4 1) pairs of LH1 BChls
(Table 3).

The phenotypes observed for Rba. vinaykumarii and Rba. changlensis
were interesting given what is known about phylogenetic relationships
between the twelve currently identified species of Rhodobacter based
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on 16s rRNA gene sequences [59]. These show that Rba. changlensis
groups with Rba. azotoformans and Rba. sphaeroides, which also assem-
ble dimers, whereas Rba. vinaykumarii groups more closely with Rba.
veldkampii and Rba. capsulatus, which fail to yield dimers on sucrose
gradients. This said, the latter group also includes Rba. blasticus, which
is also known to assemble dimers, and so this division between strains
that do and do not show evidence of the presence of dimers is not abso-
lute. It has been reported, however, that Rba. blasticus has lamellar-
structure photosynthetic membranes [60,61] unlike all other charac-
terised species of Rhodobacter, which could imply that the dimeric
RC-LH1 complexes assembled in this species do not have a bent archi-
tecture such as that observed for Rba. sphaeroides[57], as pointed out
previously [46]. More insightful might be phylogenetic trees based on se-
quences from the puf operon, but unfortunately such sequence informa-
tion is currently patchy, being known in full only for Rba. sphaeroides
and capsulatus, and in part for Rba. blasticus, azotoformans and veldkampii.
More sequence information on the LH1 polypeptides in particular would
be valuable, as it is likely that these proteins are involved in the molecular
interactions that determine whether or not a dimeric form of the RC-LH1
complex is assembled (see below).

4.5. Dimer motifs

In a number of publications, attempts have been made to use align-
ments of PufX sequences to identify patterns of amino acids that could
account for the fact that dimeric RC-LH1 complexes assemble in
Rba. sphaeroides but not in Rba. veldkampii, so-called “dimerization mo-
tifs”. Two of these [19,48] have relied on the assumption that the RC-
LH1 complexes of Rba. azotoformans and capsulatus are dimeric, and
from the data described above we conclude that the Rba. azotoformans
does indeed assemble dimeric RC-LH1 complexes, but the data do not
support the assumption that the Rba. capsulatus RC-LH1 complex is di-
meric, undermining the logic of these proposed dimerisation motifs.

A third proposal [20,62] is that dimerisation of the Rba. sphaeroides
PufX, and hence the entire RC-LH1 complex, is facilitated by a GxxxG
helix dimerisation motif of the type found in glycophorin A [63,64].
Two adjacent possible motifs are present in the Rba. sphaeroides PufX,
in the sequence G3'xxxG>>xxxG>°, whereas in monomer-containing
Rba. veldkampii the equivalent sequence is GxxxVxxxG [20]. In a recent
report we have shown that Leu substitutions at Gly>!, Gly>> and Gly>®°
have no effect on the relative amounts of Rba. sphaeroides monomers
and dimers resolved on sucrose gradients [46], in contrast to expecta-
tions from mutagenesis studies of glycophorin A [63,64]. This proposal
is further argued against through the data obtained in the present
work, as the relevant sequence in dimer-containing Rba. azotoformans
is GXXXAXXXG.

4.6. PufXc can fulfill some, but not all, of the functions of PufXs

In our previous study of chimeric RC-LH1 complexes [41],
employing LH2-deficient strains expressing native red/brown carot-
enoids, it was established that membrane-embedded RC-LH1 com-
plexes from a strain expressing PufXc had an absorbance spectrum
consistent with the presence of PufX-containing RC-LH1 complexes,
and inconsistent with the presence of PufX-deficient complexes (as
assessed from the Apy/Agrc ratio). Photosynthetic growth of
Rba. sphaeroides was largely unaffected by replacement of PufXs by
PufXc, and so it was concluded that PufXc was incorporated into chi-
meric RC-LH1 complexes that had a normal complement of LH1 BChls
per RC and were functionally active. This was despite the fact that
PufXc shares only 23% sequence identity with PufXs.

In the present work these findings were reproduced in equivalent
strains expressing green carotenoids and containing LH2 (Figs. 2 and
3A). In addition, sucrose gradient fractionation gave more detailed in-
sights into the organisation of the chimeric RC-LH1 complexes, re-
vealing a population of monomers but no evidence of dimers (Fig.

2A and C). Following the discussion above the more likely interpreta-
tion of this is that only the monomeric form of this chimeric RC-LH1
complex is assembled in membranes of this strain during cell growth.
Similar results were obtained with green strains lacking LH2; PufXc-
containing RC-LH1 complexes supported photosynthetic growth in
a manner similar to those containing PufXs (Fig. 4A), but no dimeric
RC-LH1 complexes were detected on sucrose gradients when PufXc
was present (not shown). It would appear, therefore, that PufXc is
able to assemble into the Rba. sphaeroides RC-LH1 complex to yield
a monomer that has a similar number of LH1 BChls per RC as native
monomers, and is competent in supporting photosynthetic growth,
but it does not possess the ability to promote dimer formation. This
correlates with the finding that dimeric RC-LH1 complexes could
also not be isolated from wild-type Rba. capsulatus (Fig. 1).

4.7. Insights from heterologous expression of LH1c

In our previous study we also expressed LH1c in LH1s and LH2-
deficient strains of Rba. sphaeroides with red/brown carotenoids and
having PufXs, PufXc or no PufX [41]. A striking finding was that the
level of expression of LH1c was around 50% of that of the native LH1s,
as assessed from the relative intensity of LH1 and RC absorbance in
spectra of cells and membranes [41]. This result was reproduced in
the present study employing equivalent strains with green carotenoids
(data not shown), and sucrose gradient fractionation was used to look
at the composition of the pigment proteins assembled in these strains
(Fig. 6). Separate populations of LH1-free RCs and monomeric RC-LH1
complexes were resolved in all three strains expressing LH1c, but no di-
mers were detected on these gradients. The monomeric RC-LH1 com-
plexes containing LH1c and either PufXs or PufXc had an Apyq/Arc
ratio similar to that of native Rba. sphaeroides and Rba. capsulatus mono-
mers. This suggests that the assembly of a reduced number of chimeric
RC-LH1 complexes of “normal” composition was more favourable than
the formation of partially-assembled RC-LH1 complexes with a distri-
bution of A;y1/Agc ratios, or independent populations of LH1-free RCs
and RC-free LH1 complexes. The most obvious interpretation of this is
that the fully assembled RC-LH1 complex, comprising a RC, PufX and
ring of ~14 pairs of a/3-polypeptides, represents a minimum energy
structure that assembles preferentially even when components are
taken from different species. The monomers isolated from strain
RCLH1cXd-g had the elevated A;y;/Agrc ratio characteristic of PufX-
deficient monomers obtained in strains expressing LH1s, and are con-
sidered further in the next section.

No dimeric RC-LH1 complexes were observed in the strain expres-
sing a combination of LH1c and PufXs, in contrast to the situation in
strains expressing LH1s and PufXs (Fig. 6A). This reinforces the point
made above, that the presence of dimers in Rba. sphaeroides is not dic-
tated solely by PufXs, but rather is determined by a combination of
PufXs and LH1s. If either or both are replaced by the Rba. capsulatus var-
iant then no dimers are assembled.

The reason for the lowered level of LH1c expression in
Rba. sphaeroides was not investigated. However it is worth noting
that, unlike in Rba. sphaeroides[42], assembly of LH1c in Rba. capsulatus
shows a dependence on the assembly of normal levels of the RC, strains
with mutations in RC structural genes that depress the level of RC ex-
pression also exhibiting lowered levels of LH1 [28,65]. Thus one possi-
bility is that the Rba. sphaeroides RC is able to only partially substitute
for the Rba. capsulatus RC during heterologous expression of LH1c, ful-
filling some, but not all, of the molecular interactions involved.

When LH2 was present photosynthetic growth was seen for all
three strains expressing LH1c (Fig. 3B-D), but to our surprise only
very low levels of monomeric RC-LH1 complexes were detected for
strains RCLH1cXd-g2 and RCLH1cXc-g2 (the latter only in light-
grown cells — Fig. 5), and no RC-LH1 complexes could be detected
for strain RCLH1cXs-g2. As experiments with the equivalent strains
lacking LH2 had shown evidence of substantial populations of
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antenna-free RCs (Fig. 6A,B), the photosynthetic growth seen in the
LH2-containing strains was attributed to the action of LH1-free RCs
that are fed with additional excitation energy directly by LH2. Such
photosynthetic growth of Rba. sphaeroides strains completely lacking
LH1 has been reported previously [50]. At present it is not clear why
so little LH1c was assembled when LH2 was also present, but it could
suggest inhibition of LH1c assembly by one or more components of
LH2 or associated assembly factors. In support of this, Jaschke and
co-workers in experiments with Rba. capsulatus have observed inter-
ference in the assembly of LH1 by LH2 polypeptides when an LH2 as-
sembly factor known as PucC is absent [66], and so one possibility is
that the equivalent Rba. sphaeroides PucC is not able to prevent inhi-
bition of the assembly of a non-native LH1 by the native LH2. Another
possibility is that there is some degree of competition between as-
sembly of the Rba. sphaeroides LH2 and LH1c, with assembly of the
latter being unable to compete with assembly of high levels of the na-
tive LH2. In support of this, Adams and co-workers have recently
reported lowered rates of LH2 assembly in a strain of Rba. sphaeroides
in which assembly of LH1 is enhanced through removal of PufX [33].

In the present study the data on photosynthetic growth of strains
expressing both LH1c and LH2 did not provide proof that RC-LH1
complexes assembled from LH1c could support photosynthetic
growth, and so growth of the equivalent strains lacking LH2 was
also studied. In all three LH2-deficient strains it could be concluded
that the chimeric complexes were functional, as evidenced by a
phase of strong photosynthetic growth that followed a lag of ~60-
80 h (Fig. 4B). In addition, for strains RCLH1cXc-g and RCLH1cXd-g
there was an initial phase of relatively weak photosynthetic growth
(Fig, 4B) that was attributed to the population of free RCs on the basis
that strikingly similar growth was obtained with an antenna-deficient
strain (Fig. 4C). This result mirrored findings reported previously for
an equivalent set of strains expressing native red/brown carotenoids
[41].

An interesting question thrown up by these data is why initial
photosynthetic growth supported by a population of free RCs was
seen in strains with PufXc or no PufX, but was not seen in the strain
with PufXs, despite clear evidence for the presence of comparable
populations of free RCs in the latter strain. None of the data gathered
to date throws light on this, but possibly there is a molecular interac-
tion between PufXs and free Rba. sphaeroides RCs that somehow in-
terferes with the ability of the latter to support photosynthetic
growth, but this inhibitory interaction does not occur when PufXc is
present, or either PufX is absent.

4.8. PufX-deficient chimeric RC-LH1 complexes can support photosynthetic
growth

When LH1c was expressed in Rba. sphaeroides in the absence of ei-
ther PufX the monomeric RC-LH1 complexes that were assembled
had the elevated A;yi/Arc that is also characteristic of PufX-
deficient Rba. sphaeroides RC-LH1 complexes. As in the latter it is
known that the ring of LH1 BChls surrounding the RC is enlarged
and complete, it seems reasonable to conclude that the structure of
the chimeric PufX-deficient RC-LH1 complexes was similar, with a
closed ring of LH1c pigment protein surrounding a central
Rba. sphaeroides RC. However, despite this the PufX-deficient chime-
ric RC-LH1 complexes were capable of supporting photosynthetic
growth (Fig. 4B) whereas the PufX-deficient Rba. sphaeroides RC-
LH1 complexes were not (Fig. 4A). Thus it would appear that al-
though the two types of PufX-deficient RC-LH1 complex may have
been similar in composition, with an enlarged and (presumably)
closed antenna, there is a crucial functional difference in that the chi-
meric complex can support photosynthetic growth whereas the
purely Rba. sphaeroides complex cannot (unless the structure of its
antenna is altered through a suppression mutation).

Although it was initially thought that the presence of a “closed”
ring of LH1 around the RC in PufX-deficient strains of Rba. sphaeroides
might provide a physical blockage to the diffusion of quinone in and
out of the RC-LH1 complex, Comayras and co-workers [34] have
shown that impairment of quinone diffusion is modest, and have con-
cluded rather that the most serious consequence of a lack of PufXs is
disruption of the correct operation of the Qg site by a component of
LHT1s, such that there is a stabilization of Qg™ and a shift in the equilib-
rium of the reaction Q4 Qs +2H ™ — QaQgH, in favour of the reactant
state. The result of this is that Q4 is more easily reduced when the
intramembrane ubiquinone pool is reduced (such as would be the
case under anaerobic/illuminated growth conditions), leading to the
closure of RCs and a loss of photosynthetic capacity. The cause of
this stabilization of Qg is unclear, but it is assumed that it is due to
a molecular interaction between the RC and a protein or cofactor
component of LH1 that is normally prevented by PufX. The fact that
photosynthetic growth is still supported by PufX-deficient chimeric
RC-LH1 complexes suggests that this stabilization is not replicated
by LH1c when either PufX is absent.

4.9. How does PufX manage the composition of the LH1 aggregate?

One finding underscored by the experiments described above is
that in all the PufX-containing bacteria studied, including those
Rba. sphaeroides strains expressing LH1c, aggregation of LH1 pig-
ment proteins around the RC was restricted, producing an A;y1/Arc
of 3.7 to 4.9, whereas in the PufX-deficient strains a more extensive
aggregation of LH1 around the RC was obtained, producing a higher
Arn1/Arc of 5.6 to 6.3. This suggests that PufX has some mechanism
for interacting with both ends of the C-shaped LH1 antenna observed
in Rhodobacter RC-LH1 monomers. In fact the effect of PufXs and
PufXc on aggregation of LH1 o~ and B-polypeptides and BChl in
vitro has been studied by Loach and co-workers [67,68]. PufXc was
found to inhibit formation of LH1-like aggregates formed from Rba.
capsulatus LH1 a- and B-polypeptides (the BChls of which absorb
around 872 nm). Likewise, PufXs was found to inhibit formation of
LH1-like aggregates formed from Rba. sphaeroides LH1 o~ and p-
polypeptides, and there was also a small amount of cross-inhibition
(15%) [67]. PufX was found to co-migrate with the corresponding
LH1 a-polypeptide during purification in this study, indicating affin-
ity between the two, but did not inhibit formation of homodimers
that can be formed by the Rba. sphaeroides LH1 B-polypeptide in
the presence of BChl [67]. In a subsequent study formation of LH1-
like aggregates was inhibited to a significant extent by peptides cor-
responding to the membrane-embedded portion of PufX, again
interacting with the a-polypeptide [68].

The picture that emerges is one in which the transmembrane helical
region of PufX has a propensity to interact with the ai-polypeptides that
form the inner protein cylinder of the LH1 antenna, providing a mecha-
nism to limit the extent of aggregation of the LH1 pigment protein
around the RC. Conclusions based on these inhibition assays correspond
well to the location of a possible PufX homolog in the 4.8 A-resolution
X-ray crystal structure of the monomeric RC-LH1 complex from
Rhodopseudomonas (Rps.) palustris (PDB entry 1PYH), which is the
highest resolution structure for a RC-LH1 complex currently available
[3]. Fig. 8B shows a view of the 1PYH structure in the plane of the mem-
brane, with the RC shown as a solid object with the H-polypeptide
highlighted in dark grey. The RC is surrounded by an LH1 antenna com-
prising an inner ring of 15 a-polypeptides (cyan ribbons in Fig. 8B), an
intervening ring of 30 BChls (spheres — alternating red/orange for adja-
cent BChls) and an outer ring of 15 B-polypeptides (magenta ribbons)
that all follow the elliptical cross-section of the central RC. This LH1
pigment-protein ring is incomplete, with a gap in the middle of the
long axis of the RC on the opposite side to the membrane-spanning o-
helix of the RC H-polypeptide. An additional transmembrane a-helix of
uncertain origin, termed helix W (yellow ribbon), is modelled into
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density in this gap between LH1 a-polypeptides, and it is speculated that
this protein may be a functional analogue of PufX [3]. This structure is in
accord with low-resolution structural information from AFM of intact
Rps. palustris membranes which also shows the RC surrounded by an in-
complete ring of LH1 pigment protein [69].

4.10. A possible model for Rhodobacter RC-LH1 monomers and dimers

Given the observations in this report, in Fig. 8 we propose a specific
structural arrangement through which PufX could manage the aggrega-
tion of the LH1 antenna around the RC in all Rhodobacter species and, in
a subset of those species, promote the assembly of dimers in a manner
which does not require structural rearrangement of each monomer. The
in silico model shown in Fig. 8A is of a monomer of the Rba. sphaeroides

Fig. 8. Proposed model of monomeric and dimeric RC-LH1 complexes from Rba. sphaeroides.
(A) Model of RC-LH1 monomer-containing PufXs and 14 pairs of LH1 - and 3-polypeptides,
viewed in the plane of the membrane. (B) Equivalent view of the X-ray crystal structure of
the Rps. palustris RC-LH1 complex, containing a W-polypeptide and 14 pairs of LH1 - and
3-polypeptides. (C) Close-up view of an overlay of PufXs with the W-polypeptide, showing
a steric clash with LH1 a-polypeptide #15. (D) View of PufXs binding to the intramembrane
surface of the RC. (E) View from the cytoplasmic side of the membrane of a model of a dimer
of the Rba. sphaeroides RC-LH1 complex. (F) Close-up view of the dimer interface (dotted
line). In all panels the RC is shown as a solid object with the largely extra-membrane H-
polypeptide highlighted in dark grey. BChls are shown as spheres coloured alternating red
and orange, LH1 o- and B-polypeptides as cyan or magenta ribbons, respectively, PufXs as
a green ribbon and the Rps. palustris W-polypeptide as a yellow ribbon. The Qg ubiquinone
is shown as teal sticks in (A) and (B).

RC-LH1 complex, and is based on the 4.8 A-resolution X-ray crystal
structure for the Rps. palustris RC-LH1 complex shown in Fig. 8B (PDB
ID 1PYH). Given the limited resolution of the source data, all polypep-
tide chains included in structure 1PYH were modelled as poly-alanine,
only the membrane-spanning helices of the LH1 polypeptides were in-
cluded, again as poly-alanine, and the quinone cofactors of the RC were
not included [3]. For the purposes of constructing the model depicted in
Fig. 8A the 1PYH structure was first modified by replacing the RC com-
ponent with the structure of a Rba. sphaeroides RC containing both qui-
nones, achieved by aligning the two RC structures in PyMOL [70]. The
surface-exposed isoprenoid side-chain of the Qg quinone is shown as
dark-teal sticks in Fig. 8B, to the left of the yellow helix of the W-
polypeptide, and the approximate location of the buried headgroup is
marked.

The membrane-spanning helix of the Rps. palustris W-polypeptide
(Fig. 8B, yellow ribbon) was used as a guide for positioning of PufXs in
the model of the Rba. sphaeroides RC-LH1 complex (Fig. 8A). Two
NMR structures are available for purified PufXs in organic solvent, de-
termined by Tunnicliffe and co-workers (PDB ID: 2NRG [71]) and
Wang and co-workers (PDB ID: 2DW3 [72]). In both structures the cen-
tral region of PufXs between Asn X13 and Met X53 forms an a-helix
that could span a bilayer membrane, although at 41 amino acids this
helix is much longer than the 20-25 amino acids that is more typical
for a membrane-spanning o-helix in a single-pass membrane protein.
In the NMR structure of Wang and co-workers this region forms a sin-
gle, straight helix, but in the structure of Tunnicliffe and co-workers
the helix exhibits a ~120° bend roughly in the middle that would
allow the entire helical region to be accommodated within the ~40 A
span of a membrane, the C-terminal half running perpendicular to the
membrane-plane and the N-terminal half running laterally in the lipid
headgroup region on the cytoplasmic side of the membrane, at an
angle of ~30° to the plane of the membrane. Evidence in support of
this latter arrangement has recently been supplied by the observation
that PufX has the same bent helical structure in a detergent micelle,
and the finding that mutation of a Gly residue at a critical appressed po-
sition on the inside of the bend to progressively larger side-chains
causes increasing loss of PufX from the membrane and a shift to a
PufX-deficient phenotype [31]. This Gly at position 29 is one of only
eight residues that are absolutely conserved in the five reported se-
quences for PufX [31], providing circumstantial evidence that this
bent helical structure is a common feature of PufX proteins from differ-
ent species. Given these considerations, PufX was introduced into the
model of the Rba. sphaeroides RC-LH1 monomer using the 2NRG struc-
ture of Tunnicliffe and co-workers [31].

The helical region of the 2NRG structure of PufXs was added in the
simplest possible way, by overlaying the C-terminal half of its bent -
helix with the periplasmic half of the membrane-spanning helix of
the W-polypeptide (i.e. the bottom half of the yellow ribbon in the
view shown in Fig. 8B). An enlarged view of this overlay is shown in
Fig. 8C. The C-terminal half of the helix of PufXs was then rotated
around its helical axis until the N-terminal half approached the intra-
membrane surface of the RC, as shown in Fig. 8C. This arrangement
took into account the known N-in/C-out topology of PufX [73] and
the fact that the protein shows affinity for binding to the RC as well
as LH1, with strongest affinity seen when the RC and LH1 are both
present [73]. Placement of PufXs in the position shown in Fig. 8C
caused a strong steric clash between the N-terminal region of its
helix and LH1 a-polypeptide #15 (labelled in Fig. 8B), shown in cen-
tre view as a cyan ribbon in Fig. 8C, and so to give the final model of a
Rba. sphaeroides PufX-containing monomer shown in Fig. 8A, a-poly-
peptide #15 and the partner 3-polypeptide (magenta ribbon) were
removed, along with their associated BChl cofactors. In this final
model the LH1 antenna comprised 14 pairs of a- and 3-polypeptides,
liganding a ring of 28 BChls. It differs from the Rps. palustris structure
shown in Fig. 8B only in that PufXs has replaced helix W, and LH1 he-
lices a15 and 15 and associated BChls have been removed.
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Afeature of note in the model shown in Fig. 8A is that the bend in the
PufX helix serves two functions; it allows PufX to interact with two
widely-spaced a-helices of the ring of LH1 a-polypeptides (numbered
1 and 14 in Fig. 8A), and it also allows the lateral, N-terminal half of
the helix of PufXs to tuck-in underneath a very pronounced overhang
formed by the extra-membrane domain of the H-polypeptide of the
RC (highlighted in dark grey at the top of Fig. 8A). An alternative view
of this arrangement to emphasize the latter point is shown in Fig. 8D;
relative to Fig. 8A the structure is rotated around the vertical axis from
left to right and the LH1 components removed. The helix of PufX sits
against the intramembrane surface of the RC formed by the L- and M-
polypeptides (Fig. 8D), and the N-terminal portion fits neatly under
the H-polypeptide domain. It should also be noted that the helix of
PufX is on the same side of the RC as the entrance to the Qg site, the iso-
prenoid side-chain of the Qg quinone emerging from the Qg pocket
being visible as dark-teal sticks in Fig. 8A, just to the left of the
membrane-spanning portion of PufXs. This positioning is consistent
with a number of observations that implicate PufX in ensuring normal
operation of the Qg site during quinone reduction and cyclic electron
transfer [34-36].

The model shown in Fig. 8A leads to a mechanism for PufX to de-
termine the aggregation state of the LH1 antenna. An interaction be-
tween the membrane-spanning helix of PufX and LH1a polypeptide
#1 would provide a means to “cap” that end of the C-shaped antenna
and an interaction between the N-terminal region of the lateral helix
of PufX and LH1« polypeptide #14 would provide a means to cap the
other end. It seems plausible that the non-helical regions at the N-
and C-termini of PufX, which are unstructured in the available NMR
structures of the purified PufXs, could further interact with the LH1
o/ pairs at positions #14 and #1, respectively. Furthermore, preven-
tion of aggregation of LH1 beyond o/3 pair #14 creates a structure for
the monomer that, in some species, could then lead to the formation
of a dimer of the form that has been visualized through EM and AFM,
with two RCs linked by an S-shaped antenna. A model of an RC-LH1
dimer, constructed using data from single particle cryo-EM of the di-
meric Rba. sphaeroides RC-LH1 complex as a guide [57] is shown in
Fig. 8E. Cryo-EM has shown that when the dimer is viewed in the
plane of the membrane, and perpendicular to its long axis, the two
monomers are tilted away from one another at a mutual angle of
34° [57]. Accordingly, to construct a model of a dimeric RC-LH1 com-
plex the monomer shown in Fig. 8A was rotated by 90° around the
horizontal axis from top to bottom to provide a view of its cytoplas-
mic face. It was then rotated anticlockwise around the axis perpen-
dicular to the page until o/ polypeptide pair #14 was positioned
just above the horizontal, as shown in the left half of Fig. 8E. The
monomer was then tilted around the vertical axis from right to left
by 17°, duplicated, the second copy rotated 180° around the axis per-
pendicular to the page, and the two monomers brought together to
form a symmetrical dimer (Fig. 8E), the interface being formed by
LH1 o/p pair #14 and the N-terminus of PufX. The two monomers
were positioned in such a way that the spacing between the two o-
polypeptides and two B-polypeptides at the interface, shown in
close-up view in Fig. 8F, was similar to that between adjacent poly-
peptides in the remainder of the antenna, the two BChls at the inter-
face did not overlap, and overall the antenna formed an unbroken
inverted S-shape. The dotted line in Fig. 8F denotes the interface be-
tween symmetrically-arranged monomers, the green ribbon showing
how the N-terminal region of PufX is suitably positioned to engage in
molecular interactions with LH1 polypeptides in this interface region.
Clearly, truncation of the N-terminus of PufX would change the struc-
ture of this interface, and conceivably interfere with the formation of
dimers, as is observed experimentally [57].

A similar “managing” of the aggregation state of LH1 by a PufXs with
the structure reported by Wang and co-workers [72], with a central,
straight 41 amino acid a-helix, would not be possible if it is assumed
that it crosses the membrane in the approximately perpendicular

manner indicated by the Rps. palustris W-polypeptide. Such an arrange-
ment would not provide any obvious means for PufX to interact with
LH1 a-polypeptides spaced apart in the manner shown in Fig. 8A, and
such a helix would engage in steric clashes with the H-polypeptide
and be almost twice as long as that typically observed for a
membrane-spanning helix.

4.11. Comparisons with published models for Rhodobacter RC-LH1 dimers

Two principal models have been proposed for a dimeric RC-LH1
complex, that differ in the assigned location of PufX. The first, based
on cryo-EM of 2D crystals of the dimeric Rba. sphaeroides complex
[57] and AFM of membranes [18] from Rba. blasticus places two
symmetrically-arranged molecules of PufX at the very centre of the
dimer, providing a buffer between the two halves of the LH1 antenna.
This assignment has been used in silico models of the RC-LH1 dimer
[62], using the “straight helix” NMR structure for PufXs, and inspired
proposals that PufXs dimerisation initiates assembly of the entire RC-
LH1 complex [18]. The second, based on EM of 2D crystals of
Rba. sphaeroides dimers [15], places the C-terminal half of the a-helix
of a bent PufX roughly in the position occupied by LH1 a-polypeptide
#1 in the model shown in Fig. 8A, adjacent to the Qg site of the RC and
between the RC and the terminal o/ pair of LH1 which sit further out
from the surface of the RC. The N-terminal half of PufX is proposed to
angle across towards the dimer interface to make interactions with 3-
and o-polypeptides of the other half of the dimer [31].

The location of PufX in the model shown in Fig. 8A is different from
both of these, being guided by the position of the W-polypeptide in the
Rps. palustris RC-LH1 complex. The assigned position of the membrane-
spanning half of the PufX helix in the model in Fig. 8A is similar to that oc-
cupied by region of density pointed out by Qian and co-workers in elec-
tron diffraction studies of 2D crystals of Rba. sphaeroides dimers, and
tentatively assigned to the N-terminal half of PufX [15]. Thus the main
difference between the model shown in Fig. 8A and that of Qian and
co-workers is that in the present model the membrane-spanning portion
of PufX is further from the Qg site and closer to the dimer interface, which
would allow the N-terminus of PufX to interact with the LH1 proteins
from its own half of the dimer, rather than reaching across to interact
with LH1 proteins from the second monomer. This would allow PufX to
facilitate dimerisation in a fashion that does not require structural rear-
rangement of the monomer, the dimerisation surface of each monomer
being formed by a combination of LH1 - and B-polypeptides and the
N-terminus of PufX.

5. Conclusions

The findings presented in this study help to tease apart the different
functions of PufX in different species of Rhodobacter.

First, we propose that in all species of Rhodobacter PufX defines
the composition of the monomeric RC-LH1 complex, managing the
aggregation state of the LH1 pigment protein around the RC and de-
termining the position of the break in the continuity of the LH1 cylin-
der relative to the entrance of the Qg pocket of the RC. We would
contend that in Rhodobacter the bent structure of the long
membrane-embedded PufX helix is a conserved feature of its struc-
ture that serves to limit the aggregation state of LH1 to 14 pairs of
o/p-polypeptides and 28 BChls, maintaining a wider gap in the LH1
ring than is seen in Rps. palustris. This management of LH1 is achieved
by the C-terminal portion of the ai-helix of PufX binding to the RC at a
particular position approximately symmetrical to the membrane-
spanning a-helix of the H-polypeptide, fixing the position of one
end of the LH1 antenna, and the N-terminal portion of the PufX o-
helix angling across the intramembrane surface of the RC to interact
with the other end of the LH1 antenna.

Second, in Rba. sphaeroides, probably also in Rba. capsulatus, and
possibly in other Rhodobacter species, in carrying out its function of
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limiting aggregation of LH1 around the RC, PufX prevents a molecular
interaction between the two that would disturb the correct operation
of the two-electron gate facilitated by the RC quinones. It is known
that PufX-deficient strains of Rba. sphaeroides and capsulatus are
non-photosynthetic, and there is a specific proposal that this is due
to disturbances in the native properties of the Qg and Q sites in
Rba. sphaeroides. One insight provided by the present study is that
this molecular interaction may be species-specific, as PufX-deficient
RC-LH1 complexes containing (presumably a closed ring of) LH1c
appeared to be capable of supporting photosynthetic growth. The na-
ture of this interaction is not clear, but in addition to a direct LH1-RC
protein—protein it could include an involvement of carotenoid and/or
lipid.

Third, in a subset of species, including Rba. sphaeroides, azotoformans,
blasticus and changlensis, a dimeric form of the RC-LH1 complex is as-
sembled, with PufX facilitating the formation of this dimeric form in
Rba. sphaeroides and possibly in the other species. Interaction of the N-
terminal region of PufX with the LH1 a- and p-polypeptides from its
own monomer at the dimer interface would provide a means for PufX
to influence the formation of contacts between monomers without hav-
ing to significantly change their structure. The physiological advantages
of the dimeric form of the RC-LH1 complex are not clear, but it is clear
that species or strains appearing to assemble exclusively monomeric
RC-LH1 complexes are not impaired in photosynthetic growth.

Finally, evidence has been presented that the dimeric form of the
RC-LH1 complex does not assemble in Rba. veldkampii, and on the
basis of the data above from native and chimeric strains we would
contend that the same is likely to be true for the complexes from
Rba. capsulatus and Rba. vinaykumarii. This contention requires vali-
dation through a technique such as AFM that can image monomeric
and dimeric RC-LH1 complexes in intact membranes.

Supplementary materials related to this article can be found online
at doi:10.1016/j.bbabio.2011.10.009.
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