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OPEN a ACCESS Chlorophototrophic organisms have a charge-separating reaction centre (RC) complex that
receives energy from a dedicated light-harvesting (LH) antenna. In the purple phototrophic
bacteria, these two functions are embodied by the scoree photosynthetic component, the
RC-LH1 complex. RC-LH1 complexes sit within a membrane bilayer, with the central RC
wholly or partly surrounded by a curved array of LH1 subunits that bind a series of bacte-
riochlorophyll (BChl) and carotenoid pigments. Decades of research have shown that the
absorption of light initiates a cascade of energy, electron, and proton transfers that culmi-
nate in the formation of a quinol, which is subsequently oxidized by the cytochrome bcy
complex. However, a full understanding of all these processes, from femtosecond absorp-
tion of light to millisecond quinone diffusion, requires a level of molecular detail that was
lacking until the remarkable recent upsurge in the availability of RC-LH1 structures. Here,
we survey 13 recently determined RC-LH1 assemblies, and we compare the precise molec-
ular arrangements of pigments and proteins that allow ef cient light absorption and the
transfer of energy, electrons and protons. We highlight shared structural features, as well as
differences that span the bound pigments and cofactors, the structures of individual sub-
units, the overall architecture of the complexes, and the roles of additional subunits newly
identi ed in just one or a few species. We discuss RC-LH1 structures in the context of prior
biochemical and spectroscopic investigations, which together enhance our understanding
of the molecular mechanisms of photosynthesis in the purple phototrophic bacteria. A par-
ticular emphasis is placed on how the remarkable and unexpected structural diversity in
RC-LH1 complexes demonstrates different evolutionary solutions for maximising pigment
density for optimised light harvesting, whilst balancing the requirement for ef cient quinone
diffusion between RC and cytochrome bc; complexes through the encircling LH1 complex.
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Introduction
Photosynthesis converts the energy of sunlight to a charge separtit@njo a proton-motive force
that generates ATP. Ultimately, solar energy drives the formation of biomasstfre reductive fixa-
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for surrounding a charge-separating RC with a curved LH1 array of lightwdiisg bacteriochlorophyll (BChl)
and carotenoid chromophores, like a satellite dish enclosing a receiver, has beatedeonly recently following
years of research by many laboratories. As a result, several RC-LHfustaibave emerged with a resolution suf-
ficient to show the positions of all pigments and protein side chains. Betalescriptions of pigment...protein and
pigment...pigment interactions for all of these complexes are beyond the afcihys review and this information
can be found in the original reports of the respective structures. Instbalreview will survey the current range of
RC-LH1 structures, drawing attention to shared structural themes and motifs, and highligihi&ir numerous and
fascinating differences.

The recent upsurge in RC-LH1 structures arises from advances igenyoelectron microscopy (cryo-EM), first
applied to the complex frorBlastochlorigBlc) viridis [4]. Previously, X-ray crystallography had provided the only
route to high structural resolution [5], following earlier lower-resolutiolystallographic studies [6,7]. Previous EM
analyses of RC-LH1 complexes had focused on two-dimensional crystals [8...11], or orasiiotgs fiL2], revealing
projection structures with resolutions in the 8..AlPange. Indeed, atomic force microscopy (AFM) was at least a
informative in terms of showing the basic architecture of RC-LH1 complexes [13], witerthe bonus of showing
their arrangement in the native photosynthetic membrane [14,15].

The RC-LH1 complexes of purple phototrophs all consist of a belt bfdadpsorbing BChl and carotenoid pigments,
held in place by a repeating series of transmembrane polypeptides that curis taghrtd a central RC [16,17]. The
absorption behaviour of these pigments is tuned by exciton coupling antbiggesh bonding, ensuring that light is
collected over a wide spectral range that spans the near-ultraviolet, \@sibleear-infrared regions of the spectrum.
This energy passes to the RC, initiating a series of electron transfers that culiniredection of a quinone accep-
tor. After two rounds of charge separation the quinone is doubly reduced, and after bindmgrotons from the
cytoplasm it becomes a quinol, which leaves the RC and diffuses to a mytoelicyt)bc, complex (or cybesf com-
plex in cyanobacteria, algae and plants). Here, the quinol releases its €atgotmns and protons and the resulting
quinone makes the return trip to the RC. Meanwhile, having been reducewlttcg, a cytc, on the lumenal side of
the RC donates an electron and fills the sholee generated byguixidation of the RC, resetting the system for another
round of photochemistry. This review highlights recent advances in structural analysis of RCeloifilexes, which
reveal the detailed basis for light absorption, excitation energy egrdiarge separation, electron transfer, and fi-
nally production and export of quinols. These structures illustrate sevieedégies for optimising the absorption of
light by packing more pigments round the RC while allowing quinones and quinols access t€tQg fite, which
requires gaps in the LH1 ring. Figure 1 compares the overall architecture df3flRC-LH1 complexes deposited in
the PDB at the time of writing, then Figures 2-8 deal with the absorptiahtaansfer of light energy, a comparison
of the various RCs, quinone traffic across the LH complexes, lipids, RC-LH1 interaaimhfnally assembly of the
RC-LH1 complex.
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The photosynthetic membranes that contain RC-LH1

complexes

In most natural environments, phototrophs need to harvest as much solar erargossible and, given that
(B)Chl-binding complexes are generally embedded in a membrane bilayer, they adopt seviegikestta optimise
the membrane surface area. Tomographic studies of purple phgtiasr@yanobacteria and chloroplasts have reveale
the proliferation and complexity of these internal membranes [18. IrixhE case of the model cyanobacteri@yne-
chocystisp. PCC 6803, for example, a single cell @fuM diameter can accommodate up to u? of thylakoid
membrane sheets, packed with photosystem | and Il complexes, as well as with other compiayxesd in electron
transfers [22,23]. The same principles apply to purple phototrophic bactesfeasiR hodobactefRba) sphaeroides
[19], which can contain over 1,000 membrane vesiclessf nm diameter representing 16M2 of membrane area
for harvesting and utilising solar energy [24]. In some bacterial phopitsp for exampld&Rhodospirillum(Rsp)
rubrum, these intracellular vesicles largely consist of RC-LH1 complexes whereas many other bacteria have addi-
tional light-harvesting components. These peripheral LH2 antenna complexes provis@aomical way of adding

more light-absorbing capacity because they bind approximately 2.5-fold BiGHds than RC-LH1 complexes per

nm? of membrane area. Furthermore, high levels of light suppress assembly pétipheral antenna network, as

well as constraining the assembly of membrane vesicles, providing two levelsrof toresponse to increased light
intensity [24]. Thus, cells only incur the metabolic cost of synthesising these egafplvhen they are needed.
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Figure 1. Overall architecture of RC-LH1 complexes available in the protein data bank
Tilted views of RC-LH1 complexes with the protein in surface representation (RC-L in orange, RC-M in magenta, RC-H in cyan,
RC-Cingreen, LH1 inyellow, LH1 in blue, and additional peptides in red, light green, purple or pink). Pigments and cofactors
are shown in stick representation with BChls in green, carotenoids in purple, hemes in red, and quinones in yellow. The complexes
from various bacterial species are grouped according to their structural features, using a standardised name that describes their
composition. The bottom right panel shows the scheme for numbering LH1 subunits, with dotted lines used to denote missing
subunits that create a gap in the ring. Note that the Rfx. castenholzii RC lacks an H-subunit, so it is a three-subunit RC with
properties more like that of a four-subunit RC. Therefore, we have denoted it RC 3*.

© 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative ComnBns Attribu
License 4.0 (CC BY).



Bioscience Reports (2023)43 BSR20220089

[ ]
'... FF:F?E%ELAND https:/doi.org/10.1042/BSR20220089

A survey of the architecture of RC-LH1 complexes

The RC-LH1 complex is the essential component of bacterialggystthesis, and its basic architecture consists of a
central, charge-separating RC wholly or partly encircled by a light-hargesyistem. These RC-LH1 assemblies are
frequently called scores complexes because they are the primary phoioaheomplex in purple phototrophic bac-
teria. Figure 1 displays thirteen RC-LHL1 structures from a varaéphototrophic bacteria, using a consistent colour
coding for RC and LH1 subunits to emphasise the similarities between complexes. Nonetheld#éetences be-
tween complexes are immediately apparent, with closed rings fouRdm rubrum25,26],Rhodopseudomonas
(Rps) palustris[27], iorhodovibrio (Trv.) strain 970 [28],ermochromatium (Tch.) tepidum[29], Allochro-
matium (Alc.) tepidum[30], BlastochlorigBlc) viridis [4], RhodopilgRpi) globiformig31], Gemmatimonas
(Gem) phototrophicd32], and with incomplete, open rings iRps. palustri§27], Rba. sphaeroidd83], Rba.
veldkampii[34] and Rosei exugRfx) castenholzij35]. Within these categories, there are major modifications
in the case of the double LH ring in th@em. phototrophiceomplex [32], and with the dimeric core structure of
Rba. sphaeroid€36...38]. To establish a nomenclature sufficient to encompass these diverse RC-LiHtestwe
distinguish between central R@nd RG complexes consisting of three (H (cyan), L (orange), M (magenta)) or fouts
(H, L, M, C (green)) subunits, respectively. The RCs are enclosed by a curvedfdrkysubunits, each consisting
ofan (yellow)- (blue) pair of transmembrane polypeptides. The LH1 subscri¢notes the number of subunits,
with atleast 16 and 16 in closed LH1 antennas, or 14 or 15 subunits in complexes with open rings.

Some LH1 complexes are embellished with extra components, coloured red, light grgaa,qyink in Figure
1. For example, iBlc. viridisthe 17 LH1 complex is augmented by an outer ring of 14olypeptides that make
extensive contacts, predominantly with the outer ring epolypeptides; these interactions were suggested to stab
lize the LH1 structure and contribute to the large red-shift in aipsion for this complex [4]. Genetic removal of

-polypeptides, followed by their reinstatement, recently verified this ral¢h® -subunit [39]. The absence of a
17th subunit creates a gap through which quinones can paspinglobiformishere is a 16-subunit ring but only
11 -like polypeptides, creating more possibilities for diffusion of quinols anchgues [31]. The open ring com-
plexes (Figure 1) all have at least one transmembrane component that prevehtdttemmplex from completely
encircling the RC, maintaining a gap that allows the exchange of quinones and quiranld foom the RC @ site.
Often, this component is a PufX or protein-W polypeptide, but in the casR©f. castenholzthe transmembrane
domain of the cytochrome subunit (green) appears to interrupt the LH ring@hith an additional transmembrane
helix (TMH) called subunit X (red) [35]. The issue of quinone/quinol diffusion is crucial for the fiomoof RC-LH1
complexes, yet the existence of closed structures shows that a gap in thenghtLmot strictly required. The issue
of quinol export will be discussed in detail in a later section.

Special mention should be made of the remarkable double-ring complex in Figure h wagpurified from an
unusual bacteriumiGem. phototrophigaiscovered in Swan Lake in the Gobi Desert [40]. Thig®RB1,6-LHho,
assembly is the largest of the RC-LH1 complexes, comprising 178 pigments boundatthan 80 protein subunits.
No other such complexes have been found, possibly because of the distincioaaslypathway that led to its forma-
tion. Gem. phototrophicarose from non-phototrophic host that acquired the ability to photosynthesise following.
transfer of photosynthetic genes from an ancient phototrophic proteobiacte?0]. Subsequent evolution along an
independent pathway resulted @em. phototrophicsurrounding its RC with a novel, double ring light-harvesting
system. The outer LHh ring augments the light-gathering capacity of the innerwihigh closely resembles the con-
ventional LH1 complex seen in other closed ring systems. The light-harvesticlgegmism will be discussed in more
detail in the section on bacteriochlorophyll and carotenoid pigments, but live note that many RC-LH1 complexes,
such as those iRps. palustriandRba. sphaeroideare augmented by other light-harvesting components. In suc
cases transmembrane LH2 rings consisting of 7-Qolypeptides are under separate regulatory control with respec
to RC-LH1 complexes, and 1-4 LH2 complexes can be packed against the outer face afdadh Eomplex, de-
pending on the incident light intensity [24,41]. Some species produce spectral vafahtsLH2 antenna, which
provide additional adaptability to the changing spectral environmentsiirited by these bacteria [42,43].Gem.
phototrophicahe outer LHh ring performs a function like that of LH2, but shardwige the outer and inner rings
together represents a loss of adaptability in terms of responding tahlarlight levels.

The dimeric core complex frorRba sphaeroidealso stands out from the other examples in Figure 1. The forma-
tion of a dimer affects the membrane bilayer in which it sits, and there are alstidmat consequences in terms of
energy trapping, which will be covered in the next section. The architectutgeadimer is interesting, because the
cryo-EM structure of this complex shows that the two monomer halves subtend an angle oEHBler structures
from EM of negatively stained complexes [12] and from X-ray crystallographyi¢fded angles of 14&nd 158,
respectively. Thus, this is a membrane-bending complex that imposa@<iowature, which can be propagated when
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several RC-LH1 dimers pack together in the photosynthetic membrane [44,45]. In the castaofgwith no LH2
complexes, the core dimers stack against one another in a way that producgatetbtubular membranes72 nm

in diameter and with micron-scale lengths [12,46...48]. The side-by-side packing of dimers along their long axes is
offset, and the effect is to create a helical twist for each longitudinay & which 73 RC-LH1 dimers are needed

to complete one circle (36Din the tubular photosynthetic membrane [12]. There are now three strustofehe

dimeric core complex froniRba. sphaeroiddmit Figure 1 shows 7PQD [36], which corresponds to 7VOR, one of

two conformations resolved in a subsequent study [37].

Inwild-type strains of bacteria suchBba. sphaeroidéise LH2 antenna is the dominant complex, and there could
be up to 70 such complexes in a single vesicle feeding excitation energy taiapiedy 12 RC-LH1 dimers [49...51].
Given the local curvature imposed by LH2, which on its own can form sphericities [52...54], the mixture of
RC-LH1 dimers and LH2 complexes produces0 nm diameter spherical membranes, often called chromatophores,
which have been seen in stained electron micrographs of thin sectioR®af sphaeroide=lls for decades [55].
The dimeric structure of the core complexes influences the size of chromatophoresRdral aphaeroidesutant
with LH2, but which makes only core monomers, forms vesicles larger thasetfaund in the WT [56]. The reason
why vesicle formation is important for this bacterium is that the wed membrane encloses a small lumen containing
perhaps 12 cytochrom® molecules [57], which shuttle back and forth between the RC-LH1 and@ytomplexes.

Cyt ¢, picks up an electron from cyic, and ferries it to the RC, where the electron reduces the photooxidised RC.
The rapid diffusion of cyt; is facilitated by its confinement within the curved membrane vesicle [57]. Despite the
functional significance of core dimers for photosynthesiRima. sphaeroidemany bacteria do not assemble tightly
curved vesicles, and some suclB&s. viridiscontain large planar membrane sheets largely consisting of monomeric
RC-LH1 complexes [58]. Other bacteria suchRep. rubrumhave monomeric cores and no LH2 complexes, yet
the cell interior is packed with intracytoplasmic vesicles [55]. There is much mdeata about the significance of
membrane architectures in various bacteria, and the factors that determindevttaey are curved or planar.

The bacteriochlorophyll and carotenoid pigments of RC-LH1

complexes
Removing the protein scaffolds reveals curved arrays of pigments, which abkorbrsergy and feed it to the cen-
tral RC to initiate charge separation. The geometry and regularity of tigisteHarvesting arrays are directed by the
antenna polypeptides, and details of the pigment binding sites will be presentteel ivext section on the structures
of  pigment...protein modules. This, and other topics related to RC-LH1 structure and funcealsarcovered
in a recent review [59]. Here, we can see that the wealth of core completsta reveals several classes of pig-
ment organisation. Figure 2 shows examples of each, namely the closed 324B©hRps. palustriRCs-LH 1),
open 30-, 28- and 28-BChrfings RbaveldkampiRGs-LH15-X, Rps. palustriRGs-LH14-W, andRba. sphaeroides
RG-LH14-XY, respectively), the closed 34-B®hing (Blc. viridig, the 104-BChadouble ring Gem. phototroph-
ica) and the 56-BChé core complex dimerRba. sphaeroides

The two key features of these arrangements are the close packing of light-gathgriments in the curved ar-
rays, and the large separation between each array and the central RC cofibmextensive contacts between the
transmembrane domains of LH1 polypeptides forms a curved scaffold that binds a series of BChl pignTémiss.
curvature is inherent to the LH polypeptides, so circular, elliptical and shpirHl-only complexes can be imaged by
EM [60] and AFM [61,62]. Most of the LH structures bind BChlbut Blc. viridisuses BChb; in each case the
C17 carbon is esterified with phytol, but unusually the B&hl Rsp. rubrunlH1 is esterified with geranylgeraniol
[63,64]. Regardless of these variations, the BChls are arranged in a similar fashime apdeed so closely, with
Mg-Mg distances less than ¥ that there are overlaps between C/E and A rings of adjacent BChl macrocycles,
within and between  subunits, respectively. The arrangements of pigments within isitdbare covered in more
detail in the next section and in Figure 3. The LH1 rings can be thought of as a série8ChhCrt subunits, but
so well packed that BChls in neighbouring subunits are brought toge#titber more closely than those within a
subunit. The overall effect is to create a continuous array of overla@@igs (Figure 2). The Qtransition dipoles
of the two BChls within a subunit are arranged in opposing directions in the pldrieeomembrane, and the Q
transitions for the whole ring are aligned perpendicular to the membralane; see Figure 2I for a diagram of the Q
and Q, transition dipoles. This arrangement, together with the macrocycle overlaps, intheescitonic coupling
responsible for most of the absorption characteristics of LH1 BGhiyments, which are red-shifted to at least 870
nm relative to the 770 nm maximum for the monomeric pigment in solvent. Figure 2 showstti@BChls in each
LH1 complex conform to this basic arrangement, underlining the importance of excitoniwaligled pigment ar-
rays for light harvesting and energy transmission. Thus, an excited state @bsitipn in the LH1 ring is shared with
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Figure 2. Arrangements of bacteriochlorophylls and carotenoids in RC-LH1 complexes g
(A) View of the cytoplasmic face of a typical closed RC-LH1 pigment arrangement, in this case the Rps. palustris RC-LH115 com- %
plex. The protein is outlined in white to highlight the pigments; BChls a are in green, bacteriopheophytins (BPhe) are in blue, and g
N
carotenoids are in magenta. (B) View in the plane of the membrane, which is represented by a grey rectangle. (C) Superimposed «
arrangement of BChls in open RC-LH1 complexes from Rps. palustris in green, Rba. veldkampii in orange, and Rba. sphaeroides
in red. The white outline is that of the Rps. palustris RCz-LH114-W complex. (D) Pigments in the Blc. viridis RC4-LH117- 16 cOM-
plex, with the same colour coding as in (A) but in this case green denotes BChl b and blue BPhe b. (E) Pigments within the Gem.
phototrophica double-ring complex. (F) Pigments within the dimeric Rba. sphaeroides (RCz-LH114-XYZ3), complex. (G) Zoomed
view of the additional BChl (dark green) chelated by a lipid (grey) on the inner face of the LH1 complex of Rsp. rubrum. (H) Enlarged
view of aligned BChls from Rba. sphaeroides (green) andBlc. viridis (blue). Each BChl is annotated with the subunit that chelates its
central Mg atom, and Mg-Mg distances are shown with dashed lines and labelled arrows. BChls are aligned to the nitrogen atoms
of BChl 7. (1) A BChla molecule annotated with ring letters and the directions of the Q x and Qy transition dipoles The majority of
the phytol tail on ring D has been removed.
6 © 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Comm

License 4.0 (CC BY).



Bioscience Reports (2023)43 BSR20220089 °
https://doi.org/10.1042/BSR20220089 '. . EROE%ELAND
°

neighbouring pigments in tens of femtoseconds [65...67]. Figure 2 also shows that thar@atioss on this theme;

for example, BChI-BChl distances are somewhat shorter for complexes that exlilgjeared shift relative to the
absorption of the monomeric pigment. The RC-LH1 comple)BdE. viridis(Figure 2D) provides an extreme exam-
ple, and the environment and organisation of B@hholecules in this LH1 ring impose an unusually large red shift
in absorption of 220 nm, in relation to the 100 nm shift for complexes froRsp. rubrumandRba. sphaeroides
for example. Figure 3 displays the absorption spectra of all complexes disaussisdeview. The pigments iBlc.
viridis are BChlb, which has an ethylidene group at the C8 position, rather than theglefftoup found in BChla,

so monomeric BChb in solvent absorbs 25 nm further to the red than BCH [68]. The ;7 LH1 ring brings
together 34 BChib pigments, with the shortest intra-subunit (888 and inter-subunit (8.5A) Mg-Mg distances re-
ported for a bacterial light-harvesting complex [4]; Figure 2H compares the Mg-Mgruist for BChls frorRba.
sphaeroideandBlc. viridiscomplexes. The chemical structure and proximity of the BiChigments, as well as the
stability afforded by the outer ring of-polypeptides, contribute to the 1,018 nm absorption maximum observed for
the complex within the native photosynthetic membrane; there is a blue sHift08 nm when the RC-LH1 complex

is solubilised in detergent, as in Figure 3. Tigls. viridisis able to occupy a unique spectral niche above 1,000 nm,
beyond the 920...980 nm absorption of water, and it gains access to a sounergpidenied to bacteria that utilise
BChla[39].

As with the survey of RC-LH1 architectures in Section 3, the double{fR@-dLH) complex fromGem. pho-
totrophicamerits special mention, although not particularly for its inner LH1 ring, whiclsiimilar to other 15
LH1 complexes that bind 32 BChls and 16 carotenoids. However, LH1 is encircled by the uHigaerplex (Figure
2E), which binds an outer array of BChl and carotenoid pigments [32]. Betdithe binding sites are presented in
the next section but here we note that the LHh ring has two functionally impurteatures. Each  subunit in
this 24-fold outer ring binds a dimer of BChls, one monomeric BChl and one carotenoid-basubstantially in-
creases the light-harvesting capacity of Gem. phototrophiceomplex by contributing an extra 72 BChls and 24
carotenoids. Also, the hydrogen bonds to dimeric BChls found in the inner LH1 ring are abrsemtiHh BChl
dimers, which raises site energies and blueshifts the absorption of the pairdd ®@&16 nm. The higher energy
allows these B816 BChls to act as energy donors to the inner LH1 ring. Furthermmeadition of 24 binding sites
for monomeric BChls, reminiscent of the B800 BChls of LH2 complexes [70,71], creates a B800/B8&6/38383
cascade that favours transfer of excitations from the outer LHh ring to tbevi LH1, aided by the close2.5 nm
separation between outer and inner ring BChls [32].

Carotenoids are the other major pigments found in all RC-LH1 complexes and theirilsotion in the 400...550
nm wavelength range compensates for the lack of BChl absorption in this apesgion (Figure 3). Carotenoids
are also important structural elements in bacterial LH complexes [72,73], and ariea@dpr efficient dimerization
of theRba. sphaeroidd®C-LH1 complex, for example [74], although LH1 tolerates the absence of these pigments
[75...77]. Finally, carotenoids perform an essential photoprotectivieyrgigenching harmful excited triplet states of
(B)Chls, which otherwise could generate reactive and damaging oxygen speciessughetsexygen [78]. There is
some conflict between the light-harvesting and photoprotective roles of carognehich centres on the number of
alternating single and double bonds, also called the conjugation length. Smaller valueN pfoduce blue-shifted
carotenoids capable of donating absorbed light energy to BChls, and Whethetween 7 and 9 the efficiency of
energy transfer is above 90% [79,80]. Carotenoids with ldigealues are more suited to a dissipative function,
because their triplet energies are low enough to quench B@tiplets, although this comes at the cost of energy
transfer efficiency [81]. It appears that nature has opted for a compromiseattoats light harvesting but with an
emphasis on dissipation, and all carotenoids in Figures 2 and R aré.

In nearly all RC-LH1 complexes each pair of BChls is associated with one cdtbtétioonly one exception, the
LH1 complex ofRba. sphaeroidewhere two carotenoids are bound to eachBChb, subunit [33] (see the next sec-
tion on the structures of  pigment...protein modules), which enhances light-harvesting capacity and may enhance
photoprotection. The rationale proposed for these extra LH1 carotenoids, anldti¢seo the exchange of quinones
and quinols across the barrier that LH1 creates between the enclosed RC andettmalextembrane environment
[82] as covered in the later section on quinol export. The light-harvesting andbpinattective modes of carotenoids
both require close proximity to BChls [79], and for the RC-LH1 monomeRifa. sphaeroidefor example, each
spheroidene is within 3. Adof a BChl [33]. These hydrophobic pigments lie across the membrane bilayegdskm
they make contacts with a particular subunit, and with the next one rourdrihg. Thus, carotenoids confer phys-
ical stability on the complex, and numerous interactions with the macrocycles aytolgails of the BChls foster
efficient energy transfer. In the caseRba. sphaeroidedisplacement of the phytol of the-bound BChl creates
enough room for each BChl, subunit to bind an extra carotenoid with an inverted orientation, which is in van der
Waals contact with the other carotenoid. This intimate series of connectiomgslea pigments brings together the
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-conjugated carbon-carbon double bond systems of the carotenoids within and between salbdnitgh inter-
vening, excitonically coupled BChls [33].

The short, 4...1@ distances between carotenoids and BChls, and between LH1 BChissta@marply with the
large separation between LH and RC pigments aA28 more seen in all structures in Figure 2. The inverted sixth
power dependence of the energy transfer rate on the distance between donccaptba [83] leads to energy transfer
times of 40...50 ps from the LH1 BChls to the the two excitonically coupl&{R(, often called the especial paire and
given the label P [84,85]. This jump from the LH1 complex to the RC is therefore a majailmatair to the overall
trapping time of 60...70 ps, which is the duration for exciton migration through the antenna network grangfie
RC and the initial charge separation [86,87]. Nevertheless, such trapping tiewtdldar faster than the nanosecond
radiative decay of the BChl excited state, so the overall trapping efficercgpproach 95%, and is not unduly
affected by the LH1-RC separation. At the same time, there are positiditseto holding LH1 and RC pigments
apart and maintaining a distance of tensAfbetween them, as pointed out by Ney al. [88]. They show that a
minimum distance of 24\ is required to ensure that BChls in the encircling LH complex afelkhat armes lengthe from
central RC cofactors to avoid damage by cation radicals in the RC elecarasfér chain, which could persist for @5.

A typical closest approach between an LH1 BChl and P32A in the case oRps. palustri®Gs-LH1,4-W (Figure
2C) [27]; this distance ranges between 39 and4& the closed 16ring from Rps. palustriRGs-LH1;¢in Figure
2A. Such separations are more than enough to shield LH pigments fromt@aday the strongly electropositive
(BChl)y* special pair in the RC, while still permitting energy transfer to the RC omes$cale compatible with
efficient energy trapping. The same considerations also apply to other closgdsrings, including those not shown
in Figure 2.

Of the closed-ring complexeRsp. rubrumoffers an intriguing variation; the structure at 2fresolution [25]
shows that there is an extra BGhIGG (BChlawith an unreduced geranylgeranyl tail) molecule that bridges the gagg
between LH and RC pigments, positioned 28.8om the pair of BChla-GG pigments attached to the second LH1 &

subunit, and 22.2 from the RC special pair (Figure 2G). This BGhGG pigment therefore has the potential
to act as an intermediary between complexes, accelerating energy transfer to the R€eHib\sits alone, forming
a ligand with a nearby phosphatidylglycerol molecule and making a sdrleglmgen bonds directly with the RC
H-subunit and with the second LH1 subunit, and indirectly via a network of water molecules. Comparison with
monomeric BChhin LH2 complexes [89,90] suggests that this lone BEBBIG would have an absorption maximum
near 800 nm, which is energetically suphille from the 875 nm-absorbing BChls in LH1. @heveargy transfer to
the RC would be favourable, so this intriguing pigment could act as a condwetiergy transfer to the RC; however,
this suggestion is not supported by transient absorption experiments on RC-LHllepegfromRsp. rubrun{with
the extra pigment) andRba. sphaeroidéwith no extra pigment), and in both cases the time constants for energ
transfer were 30...40 ps [84]. The possibility that the additional 8CI@ participates in photoprotection cannot be
ruled out, but experimental evidence for this role is currently not available.

Figure 2C shows examples of open RC-LH1 complexes witiyBChhbg and  15BChkg rings, from Rba.
sphaeroideandRba. veldkampjirespectively. Given that 16 or 17 LH1 subunits are required to enclose a RC
[4,37], these 14.15rings create an opening that improves the flow of quinone/quinol traffic to fioch the RC
site. The presence of a single gap likely reflects the requirement famiaterrupted assembly sequence for the LH1
ring (see Figure 9). Also, one gap in the LH1 ring apparently allows sufficient ublinits to feed energy to the RC
while creating a portal for enabling quinols andigones to pass between the RC and the nearblggytomplex [91].

All open LH1 rings have a single gap, which is located at the saoaibn relative to the central RC; this structural
feature appears to be an example of convergent evolution. The role ofithisliption in the ring, and the way that
polypeptides such as PufX, protein-Y and protein-W maintain this gap, will be disdus$ee section on exporting
quinols. Here, we only consider the possible effects of opening the LH1 ring on LHh&@\yetransfer, which could
arise because the free ends of the LH1 arc acquire some freedonteitiezrd away from or move towards the cen-
tral RC, changing the LH1-RC energy transfer distance somewhat. ThgBChky complex fromRba. veldkampii
represents a minimal interruption to the closed ring and the open ends of thefard1 subunits nearest the RGQ
site curl towards the RC slightly, decreasing the distance to the RC primary defuative to the closed ring for the
RGs-LH1;6 complex ofRps. palustridor example, from 38.9 to 3842 (Figure 2C). Similarly, a comparison of open
( 14BChbg) and closed ( 16BChky) rings for the RG-LH1,,-W and RG-LH1,5 complexes oRps. palustrige-
spectively, showed that LH1 subunits 12-14 ogREl1,,-W move slightly towards the RC, shortening the distance
to the RC primary donor from 38.9 to 32A. However, there was little consequence for excitation energy transfer
(EET) from LH1 to the RC, with time constants of 404 and 44& 3 ps for the RG-LH1;4-W and RG-LH1;6 com-
plexes, respectively [27]. Opening the LH1 ring of the monomerig-Ri@1,4-X complex ofRba. sphaeroiddms

the opposite effect, and LH1 subunits 11...14 are pushed away from theliRQwy transmembrane helices (TMHSs)
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Figure 3. Absorption spectra of RC-LH1 complexes

The coloured spectral regions denote the approximate spectral coverage for BChl Soret, carotenoid, BChl Q » and BChl Qy absorp-
tion. The spectra are from the authors of this study, with the exceptions of Blc. viridis and Rsp. rubrum (Dr Daniel Canniffe, University
of Liverpool), and are otherwise adapted from relevant publications for Trv. strain 970 [28], Tch. tepidum [29], Alc. tepidum [30],
Rpi. globiformis [31] and Rfx. castenholzii [69]. These spectra are of complexes solubilised in detergents, which are blue-shifted
relative to their spectra when in native biological membranes.

of protein-Y, which is sandwiched between the inner face of LH1 subunits 11...14 and thgaRéhtad the Q@ site
(Figure 2C). As a result, there is quite a large variation in the Mg-Mgeadices from LH1 BChls to the RC special
pair of BChls; BChls bound to LH1 subunits 7...9 that lie distal to #&t® are 38.2 from the RC, but this distance
lengthens to 50.A for BChls bound to subunit 14 [33]. Such an increase could slow down energydrdaaghe RC
5-fold, which would have an adverse effect on the overall trapping biynengthening it hundreds of picoseconds.
However, in practice there is likely to be no penalty for widening the arc of &ttdunits; the overlapping macrocy-
cles and aligned @dipoles of LH1 BChls are configured for ultrafast energy transfer [65...67], so it woelthtak
less than a picosecond for an exciton to migrate from subunit 14 to subunits YonBtHere, there is a shorter path
for EET to the RC, thereby circumventing any possible difficulties with BBbisd to subunit 14. Thus, thBba.
sphaeroidekH1 complex offers a degree of specialisation, in which the preferential detifenyergy to the RC
from subunits 7...9 gives subunits 11...14 the freedom to move away fiR@, ttabilised by protein-Y, in order to
optimise quinone traffic.

The dimericRba. sphaeroidedd1 complex builds on the advantages of the monomer by creating an extended
path for excitations to migrate between the two halves of the cempAs Figure 2F shows, there is no gap in the
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S-shaped array of 56 BChls because of the precise way that the two sBCHil8 are brought together. As already
pointed out for the monomer there is some limited overlap between the C/E rings of theB&ttbcycles within an
LH1 subunit, and the A rings of BChls on adjacent subunits also overlap, butrkatlg this continuity is maintained
across the join between the rings. Thus, the A rings of BChlis boutitetbH1 1 and 1e polypeptides (belonging
to the other half of the dimer) are still overlaid at the intersectiand the 9.3A Mg-Mg distance forthe 1 and 1e
BChlsis only 0.2\ longer than the normal Mg-Mg spacing within each monomer [36]. The only pigments thigtotef
the steric problems in bringing together two monomers #he interface carotenoids, which must accommodate the
presence of two PufX polypeptides. As a result, LH1 subunits 1 and 1« each bind only ateeacia; rather than the
normal two. This is no hindrance to the energy transfer across the interface though, beélsalBChl overlaps across
the join ensure continuity of excitonic coupling. Hence, a dimer offersadvantage over a monomeric complex by
creating the possibility for excitation sharing between the halves dlither [92]. At higher light intensities, where
there is a greater chance that one of the dimer RC traps is closed by photochanticiy, an exciton can move
rapidly to the other half of the dimer to gain access to the other RC [87].

The structures of pigment...protein modules that form

( )n LH1 complexes

Decades ago, Zuber and colleagues chemically sequenced LH1 polypeptides isolated from aetyide parple
phototrophs. Then, it became clear thatthand polypeptides are very similar, and could be aligned to an invariant
histidine residue suggested to form the ligand to a bound BChI [93]. This residue fell withima&pa...25 residues,
correctly predicted to form an -helix that traverses the photosynthetic membrane and that is flanked by N- ang
C-terminal domains lying on the surface of the cytoplasmnd periplasmic sides of the photosynthetic membrane,§
respectively [93]. Later, models of LH1 polypeptides incorporated the resutiteaedirected mutagenesis experi-
ments that showed hydrogen bonds from C-terminal Trp or Tyr residieeBChl C3 acetyl carbonyls [94,95], and
also verified the histidine ligand to the BChl Mg ion [96]. The C-terminal hydrogen bonds necedsitaend in the
LH1 -polypeptide as it emerged from the membrane bilayer [97]. The first high-resolutiantare of a RC-LH1
complex [5] showed that the structural and BChl binding features-cdind -polypeptides had been correctly pre-
dicted, and now we have a wealth of RC-LH1 structures that are all ksiiigithe same basic BChLCrt subunit,

but with some interesting and important variations.

So similar are these subunits that only a few are presented in Figureeh iMastrate variations onthe BChbCrt
theme typified by th&®ps. palustriRCs-LH1,6 complexTch. tepidun(C&* binding site in each  ,BChhCrt sub-
unit); Blc. viridis(an outer -polypeptide is attached to all but one of the 17 BChLCrt subunits);Rsp. rubrum
(has BChI-GG rather than BChl-phytolRba. sphaeroidgextra carotenoid to form a BChLCrt, unit); Rfx.
castenholzifthe LH1 ring comprises BChkCrt units, with the extra BChl adding an 800-nm absorption band),
andGem. phototrophic@he outer LHh ring comprises ,BChkCrt units that add 800- and 816-nm absorption
bands). In some cases, the membrane-extrinsic regions of LH polypeptides are natafedld in the density maps.
Several factors can contribute, such as the likely flexibility e§¢hregions or proteolytic cleavage. Rygs. palus-
tris heterodimer in the upper panels of Figure 4 shows the features predicted earlier, in which pair of
transmembrane polypeptides coordinates a dimer of BChls through histidine residues amdesnoat, in this case
spirilloxanthin, lies across the membrane making close contact with both pdiiesand with the -bound BChls.
There are also hydrogen bonds betweeiirp43 and -Trp47 and the C3-acetyl carbonyl of each BChl, which are
partly responsible for the red shift of BChlis to 875 nm relative torthei70 nm absorption in solvent. Removal of
the -Trp43 hydrogen bond by mutagenesis blue-shifts Riea. sphaeroidemmplex to 853 nm and, separately,
removing the -Trp48 hydrogen bond produces a5-nm blue shift [94,95,98]. A doubly mutated complex was too
unstable to assemble but these mutagenesis studies show that, relative to enm®@hl, approximately 80 nm of
red shift arises from the binding of each BChl to its cognate polypegmiad, crucially, excitonic coupling of BChls
within and between BChLCrt subunits.

The separation of the LH1 complexes into BChLCrt subunits in Figure 4 is somewhat arbitrary, given that BChls
in neighbouring subunits are brought together more closely than those within asubunit, as noted in Section 4.
Accordingly, three successive subunits, in this case 7...9, are shown in Figure 4B to emphasiteLityelmetween
BChl dimers made possible by the association of neighbouring subunits. Figure 4C,vighvsperpendicular to
the membrane from the cytoplasmic and periplasmic sides of the complex; in eaetheas are hydrogen bonds
within and between the soluble loops of adjacent subunits tles to stabilise the formation of curved oligomeric
arrays. BChI-BChl, Crt-protein and Crt-BChl interactions within the membrane alsitermajor contributions to
the stability of the LH1 complex. Analysis of other structures reveaigas stabilising features and although they
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Figure 4. Structures of the BChICrt units that associate to form LH1 complexes
(A) One  BChl,Crt unit from Rps. palustris, which represents the most common structure observed in LH1 complexes. ( B) An
array of three  BChl,Crt units showing how they associate to form an LH1 ring. ( C,D) Expanded views of the cytoplasmic and
periplasmic regions of two BChl,Crt units showing the inter-subunit (red) and intra-subunit (black) hydrogen bonds that help
stabilise the complex. (E) Enlarged view of the Ca?* binding site that adds additional inter-subunit interactions between pairs
in Tch. tepidum LH1. (F) Enlarged view of the -subunit of Blc. viridis showing its interactions with the TMHs of two adjacent
-subunits. (G) Two  BChI,Crt units from Rsp. rubrum binding BChl a with a GG tail instead of the phytol tail (as in the other
examples). H) Two  BChl,Crt, units from Rba. sphaeroides showing the incorporation of a second carotenoid that binds between
-subunits. (I) Two  BChlzCrt units from Rfx. castenholzii showing the addition of a monomeric BChl towards the cytoplasmic
face of each subunit. (J) Two  BChl3Crt units from the outer LHh ring of Gem. phototrophica, which bind a BChl dimer absorbing
at 816 nm and a monomer absorbing at 800 nm.
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will not be specified here, the general principles are that a series of intriggteept...protein, pigment...pigment
and protein...protein bonding arrangements form LH1 subunits and hold theettegto create curved ( ), LH1
complexes.

Several variants of the BChLCrt subunit are shown in the lower panels of Figure 4, which build on this basic
arrangement through the addition of more pigments or another polypeptide. Weledocumented modification is
the ring of 16 bound C# ions found in theTch. tepidunrcomplex, in which side-chains fromand polypeptides,
as well as two water molecules, create a six-coordinate binding site near the periplasmicliecaeritbrane [29].
This particular feature appears to confer structural stability [99]icllis beneficial for growth of this thermophile at
55 C, but it also contributes to the 915-nm absorption, which is red-shifted rel&dittlee more usually observed 875
nm [100].Trv. strain 970 (not shown in Figure 3) also binds a circular array ¢f @ms, but in this case a hydrogen
bonding network involving the BChd C3-acetyl group, -Trp47, -His48 and C&' locks the complex together [28].
A further contribution is made by the extended C-termini of LHX2 and -4, which interact with the RC C- and
M-subunits on the periplasmic face of the complex (see the later section on lipitR@...LH1 interactions). Taken
together, these interactions, which are not found in other complexes, pustHh@hsorption maximum to 960 nm,
the most red-shifted BChd absorption in an RC-LH1 compleAlc. tepidumalso binds C&, but only in six of the
16 subunits. This is because this organism produces its LH1 frortipteitopies of its ~ polypeptides, some with
C&* binding sites and others lacking this feature [30].

However, the most red-shifted absorption, to 1,018 nm, is found inBhe viridisRCG4-LH1,7- 16 complex, for
which a BChkCrt subunit is shown in Figure 4F. Several features of this subunit were proposeddunt for
the red-shifted absorption maximum, including the presence of BfXather than BChh, and having a larger than
normal ring of 17 subunits and therefore 34 BChls. The closer packingCofilsB with shorter Mg-Mg distances
and increased overlap between pyrrole rings (Figure 2H) contributes to the redahdbes the recruitment of the

-polypeptide [4]. As the panel in Figure 4F shows, eagbolypeptide packs closely betweespolypeptides, and
collectively 16 such interactions round the LH1 ring, comprising 32 hydrogen bondsamd -polypeptides, en-
force a level of stability and rigidity that constrains the LH1 ring and cdnftés to the red shift of the BCla-Q,
absorption band. The subunit d®sp. rubrunrepresents a minor variation, in which the BChl macrocyle is ester
ified with geranylgeraniol rather than the more usual phytol (Figure 4G) [25]. Commpamwith theRps. palustris
BChl-phytols shows that the presence of three extra double bonds does not appeasti@in the positions adopted
by the tail.

The three variations in the bottom row of Figure 4 involve the addition ofeatra pigment to a subunit. Most
conservatively in this row, just one more carotenoid, Crt2, has been addedtcesin  BChLCrt, subunitinRba.
sphaeroide@~igure 4H) [33] (here, we use the nomenclature Crt1/2 rather than the CarA/B used in [33,36]). Cr:
corresponds to those found in subunits from other complexes and it interlinks betweemgsibrunning from the
N-terminal region of the -polypeptide on the cytoplasmic side of the complex and then lying across-thaund
BChl on the adjacent subunit. Displacement of th&Chl phytol tail makes room for binding the second carotenoid,
in an inverted orientation relative to Crtl. The position of Crt2 is also shifaddrds the periplasmic side of the
membrane, such that C3 of Crt2 sits by C20 of Crtl. The consequence of accommodatingrthéaeotienoid is the
creation of a series of new carotenoid-carotenoid, carotenoid-BChl and BChI-BChl caotfitatcksing together the

-conjugated G C bond systems of the Crts within and between subunits. THwund BChl is positioned between
Crtl and Crt2 so, given the excitonic coupling between BChls in the LH1 ring, taBChl and Crt populations
are seamlessly connected for strong energetic coupling and rapid enengfetra

The final two examples, from thefx. castenholzliH1 and theGem. phototrophicauter LHh ring, both in-
volve the addition of an extra BCllpigment that produces an BChkCrt subunit (Figure 41,J). In each case this
additional BChl lies towards the cytoplasmic face of the complex, some distance feawditonically coupled ring
of BChls, soin both instances it is essentially monomeric with an absorptadimum near 800 nm. In this respect
this BChl resembles the B800 pigments found in LH2 complexes, although it doedopitthe same orientation
in the Rfx. castenholzliH1 complex. In LH2 complexes frofRps. acidophiland Rba. sphaeroidefr exam-
ple [71,73], the B80O lies approximately in the plane of the membrane whereas the B80Rifxtlwastenholzii
LH1 complex is tilted approximately 6Grom this plane. -His26, -Trpl4 and keto- -carotene form the bind-
ing site; inRba. sphaeroidad12 the B800 binding site also involves a nearby carotenoid molecule, but the central
ligand to B80O is a carboxyl oxygen of the modified N-terminatarboxymethionine [71]. A B800-880 nm en-
ergy transfer time of 2 ps was measured for Bix. castenholzliH1 complex [101] so the addition of an extra
BChl, absorbing where there is little contribution from the main LH1 rimgpuld be expected to confer some ben-
efits in terms of light harvesting. Even more advantageous is the addition ofier LH ring in the case oGem.
phototrophicathis extra complex adds 24 B800 pigments as well as an excitonically coupled ringstogn$8
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B816 BChls. Thus, this outer LHh complex makes two more absorption bands avédialigt harvesting, both
sitting at a higher energy than LH1 BChls and thereby creating an energy cascade [32]etfbilmg the same
functions as LH2 complexes do in phototrophic bacteria sucRha. sphaeroidesd Rps. palustrisbut it lacks
any flexibility to respond to light intensity by increasing or lowering the rhanof LH2 units. Nevertheles§em.
phototrophicéias found an economical way of acquiring significantly more absorgoreach RC by using the
same -polypeptide twice, for both the inner and outer LH rings, in combination with a PufApolypeptide that
is only distantly related to other LH1-polypeptides [32]. Figure 4J shows anBChkCrt subunit from LHh, with
an all{ranscarotenoid, gemmatoxanthin. As with the monomeric BChls in fex. castenholzliH1 complex the
B800 pigment is tilted well away from the plane of the membrane, in this case by 88arlyut more importantly
the 18.5A distance to the nearest outer ring B816 BChl allows a 0.4 ps time constant for B800-B&j\5teaesfer
[32]. The outer LHh assembly is stabilised by a series of inter-subunit interachiomsgh hydrogen bonds that link
each -polypeptide to its neighbour at their C termini, as well as hydrophobic inteoastivith gemmatoxanthin; a
lipid, 1-palmitoleyl-2-myristoylsn-phosphatidylethanolamine, also helps to lock adjacent subunits together.

The focus of harvested solar energy ... the reaction centre

The function of antenna-RC complexes in photosynthesis is to gather photons, andtdegenergy to the RC where

it is used to drive a charge separation event that ultimately reduces@ap#or. This reduced acceptor transiently
stores the energy in a chemical form, which is subsequently used further deamnsto generate a proton-motive
force and ATP, or to reduce substrates. All the RCs enclosed by the varitarna rings shown in Figure 1 are
designated type Il, with quinones as the final electron acceptors, as also seen for ghotdsys oxygenic pho-
totrophs [102]. In type | RCs iron-sulphur centres are the electron acceptocgrRprogress in cryo-EM studies of
RC-LH1 complexes has revealed a new set of RC structures; somesshobafromRsp. rubrum, Rps. palustris,
Trv. strain 970,Tch. tepidumand Alc. tepidum and Rba. veldkampiare similar to known RC complexes, and
others, fromRba. sphaeroidesdBlc. viridis provide cryo-EM versions of structures already determined by X-ray
crystallography [103,104]. However, recent cryo-EM studies of RC-LH1 complexes revealGtsadrures, from
Rfx. castenholzii, Gem. phototrophac@Rba. veldkampjithat exhibit some novel features. There is a large body
of literature on RCs, so the purpose of this section is to present a slomparative summary of RCs in some of
the recent structures of RC-LH1 complexes. For detailed accounts of mechassticts, quantum coherence and
photoelectrochemical applications of RCs the reader is referrecctmteeviews and articles, and references therein
[105...109].

The three-subunit RC complex froRba. sphaeroidéBigure 5A) provides the basic blueprint for the type Il RCs
found in purple phototrophs. The TMHs of the L and M subunits create a hydrophobic cage tha¢fttus electron
transfer cofactors; their identities, positions, distances and orientationstdiffier significantly between complexes
(Figure 5) nor are they altered fundamentally, even in the more distantlyecaSIl complexes [102]. All the ex-
amples in Figure 5 show a branched network of cofactors, with BChl and begiedphytin (BPhe) pigments, two
quinones, and an F&ion present. Apart from th&fx. castenholzéiomplex, all characterised RCs bind a carotenoid
in the M-subunit to protect against triplet excited states of P. Theeshao closely apposed BChls, coloured in green
in Figure 5, that superficially resemble the pairs of LH1 BChls bound to LHXubunits (see Figure 4). However,
in the RC it is the A rings of the BChl macrocycles that overlap, amy thre brought together more closely, with a
Mg-Mg distance of 7.8\.. The particular forms of P found in various RCs are further labelled withirtground state
absorption maximum, which in the case of the B@htontainingRba. sphaeroidd¥C leads to P870, and to P960
for the BChlb-containing RC fromBlc. viridis for example. Despite the large distance from the nearest LH1 BChls,
which is 38.3A from those bound to LH1 subunits 7...9, thedipoles of LH1 and P870 BChls sit at approximately the
same level in the plane of the membrane (Figure 2A) and there is nearly complete spectrallbeavieen donor and
acceptor pigments. So, despite the distance constraints, there is a fortgacdmatant of 35...50 ps for LH1-to-RC en-
ergy transfer, which is compatible with efficient trapping if P870 is in its grounig stad able to receive energy from
the surrounding antenna. However, it is accepted that, as well as the forw@eedgs of energy transfer from LH1 to
the RC, there can also be detrapping of an excited state from the RQd#we surrounding LH1 complex. Indeed,
repeated detrapping and retrapping events have been envisaged [83]. Ret@ppihgccur either at the same RC or,
following transfer to an adjacent LH1 complex, at another RC; excitation shaiithin a dimeric RC-LH1 complex
[92,110] increases the chances of such retrapping events. Whether excited staté®maw¢l to the RC, or in the
reverse direction, the same relatively large distance is involved and thesegaebave time constants of tens of ps,
slower than formation of P* then the charge separated stat€P in a few ps. Thus, the likelihood of detrapping is
affected by the population of states P, P*HR> and P"Qa°, which affects the equilibrium between an excited state
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in LH1 and the P* and PH° states in the RC [111]. The effects of open and closed RCs on trapping/detrapping a
discussedin [112]; fdRsp. rubrumthe authors find an sescape probabilitys, di4% with open RCs and66% with
closed RCs.

Despite the apparent symmetry of the branched cofactor netwaillg tbose on one side of the complex, designated
branch A, are used for electron transfers (Figure 5A). The kinetics ofdtion of these states have been studied in
many laboratories and are outside the scope of this summary; ohsfie@reader is referred to reviews of this topic,
suchas[105,109,113]. There is also arich literature on the history of photosynthesis, and theeeefrties concept
of RCs from the work of Duysens, Clayton and others, summarised in [114,115]. Ongeitmmeeaches P from the
nearest LH1 BChls the excited state P* is formed in femtoseconds, which midiatescade of successively slower
electron transfers that culminate in the millisecond formation of a reducgidane acceptor (Figure 5A). Within
3 ps of forming P* an electron is transferred to the neighbouring monomeric BGisligtated as B creating the
P*Ba> radical pair. The replacement of the central Mg by two protons in the next acceptor, BPhen@tesidh),
lowers the midpoint redox potential of this pigment so it can act as an accepttindcelectron from B>, forming
the P"HA® radical pair. The state’®,° is formed within 200 ps, again favoured by a drop in redox potential as welg
as by the 10.A distance between kland Q.. ET to form P Qg® is a great deal slower and take400us [109],
and now other processes are initiated. One of these is the replaceifrtbietelectron ¢loste from P by reduced cyit
which docks onto the periplasmic face of the RC and resets the system froonFPin a few microseconds so that
the RC can undergo a second charge separation [116...120]. The abi§#ytofa@cept a second electron is therefore
important, and two successive proton-coupled electron transfers form [QBIL]; which can leave theg¥ite and
exit the RC-LH1 complex so it can reduce the byt complex [51]. The export/import of QHQ from the confines
of the RC @ site and passage across the LH1 ring are covered in the sectiariral gxport.

The processes of LH1-RC EET, then forward electron transfer within thetR@ resetting the system for a second
charge separation, and finally export of @b&fe interlinked [88]. The interplay of energy and redox levels, elbag
inter-cofactor distances, allow the RC-LH1 complex to cope with varying incident lighisittes while minimising
detrapping from the RC to LH1 and the oxidation of LH1 pigments By &d at the same time avoiding recombi-
nation of PBaS, PPrHA® and P'Qa° radical pair states to the ground state [88]. Rapid and efficient turnoveref th
RC therefore requires the timely docking/undocking of cyand the @-site quinone, which ferry electrons to and
from the RC, respectively. The formation of dissociable,@8onserved in all type Il RCs, but there are different
arrangements on the electron donor side. Figure 5B shows that some RCs, exerhpliéiégBlc. viridisandGem.
phototrophicahave arrived at a different solution for a reducing thesPate, which involves a four-heme C-subunit
*hardwireds to the periplasmic face of the RCBIke. viridisthe midpoint redox potentials of these hemes do not
smoothly follow a sequence of high to low, and instead they form a erolistec [109] that nevertheless supplies
electrons to P on a single microsecond timescale (reviewed in [122]). Following electron ¢ratwsthe RC, the
tetraheme cyt is reduced by accepting an electron from a mobile caurah as cyt,, a high potential iron-sulphur
protein (HIPIP) or auracyanin. Recently a structure of HIPIP bound close to heme-1 wasriesel for theTch.
tepidumRC-LH1 complex [123].

The striking feature of th8lIc. viridisRC is the incorporation of BCHl and BPhé, which redshifts RC absorption
bands and produces a P960 special pair (Figure 5B) [124]. Relative to the 1,018 nm absidristeosurrounding
BChl b-containing LH1 complex, P960 lies energetically suphille from the surrounding anterimaugh at room
temperature this is no barrier to the transfer of excitation energy [86,125]thgrdeature of theBlc. viridisRC is
the use of different quinones at{and Qs, which are menaquinone and ubiquinone, respectively [109]. Rhe
castenholziRC has a BPhe on the inactive B-branch in place of the monomeric BChélifioumost other RCs, and
both Qa and Qs are menaquinone (Figure 5C). Like tBéc. viridisRC it has a four-heme cyt attached in this case with
an N-terminal extension that traverses the membrane, allowing it to assoctateiA subunits but also to interrupt
the ring, which has 15 LH1 subunits [35]. This cyt extension appestsiction like PufX inRba. sphaeroidean that
it prevents closure of the LH1 ring, creating a gap that could allow thegggssf quinones between the RC and the
exterior of the complex. Close by are two other TMHSs; one of these, designated TMingependent single helix
that is proposed to be a hitherto unidentified component or a product aft@olysis of RC-L or -M subunits. There
is no RC-H subunit and, unusually, RC-L has six TMHs rather than the normae] five extra helix, TM1, occupies
the position normally adopted by the single RC-H TMH in other comq@s. Finally, there is another TMH, TM-X,
that sits in the gap close to the®EH1 subunit [35]. An N-terminal extension has also been found in the four-heme
cyt subunit of theRpi. globiformifkRC (not shown in Figure 5), which traverses the membrane and interacts with
RC and LH1 polypeptides. This C-subunit therefore plays roles in electron transfer andissioin of the complex.

a
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Figure 5. Structure and cofactor organisation of bacterial reaction centres
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(A) Crystal structure of the three-subunit RC from Rba. sphaeroides (PDB ID22J8C) shown in two orientations, and a view with
proteins in semi-transparent representation to reveal the bound cofactors with black arrows indicating electron transfer steps. ( B)
Crystal structure of the four-subunit RC from Blc. viridis (PDB ID: 1PRC), which also binds a tetraheme cytochrome C-subunit, in
the same orientations as in (A). C) The three-subunit RC of Rfx. castenholzii which has no H-subunit, an additional TMH, and a
TMH anchor on its C-subunit. (D) The Gem. phototrophica RC, which resembles a four-subunit RC with a split H-subunit (cyan,
blue) and several supernumerary subunits. (E) The three-subunit RC of Rba. veldkampii, which binds an additional BPhe. (C...E) are
from the respective RC-LH1 structures. Colours: RC-L (orange), RC-M (magenta), RC-H (cyan), RC-C (green). In (C) the additional
TMH-Xis in cyan; in (D) the supernumerary subunits are in red (RC-S) and dark pink (RC-U).
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Although the transmembrane extension does not interrupt the LH1 ring, it isssiggl to be a progenitor of the PufX
found in Rhodobactespecies [31].

TheGem. phototrophicRC (Figure 5D) resembles the template seeriRfoa. sphaeroidé€Bigure 5A) andBlc.
viridis (Figure 5B), in terms of the arrangement of cofactors, but there are sorhé/higusual structural features.
Within the four-subunit RC, the RC-H subunitis divided into two parts congirig Hc, a membrane-extrinsic domain
( 19.9 kDa) on the cytoplasmic side of the complex, and Ht,7a7 kDa polypeptide corresponding to the trans-
membrane section of RC-H iRba. sphaeroid¢32]. More remarkable is the presence of surface-lying polypeptides
on each face of the complex that appear to stabilise interactions beth@B€ and the double-ring antenna (see also
Figure 8C). Together, two RC-S polypeptides extend from two opposing sides of the LHiwarglsathe central RC;
they start at the N-terminal region of LH1 at either subunit 8 or suttli®, and then lie in the plane of the membrane
across the periplasmic surface of the RC so they almost meet in the midtie@dmplex. RC-S binds to the surface
regions of RC-M, RC-C, and RC-L subunits through a series of hydrogen bonds,\sbelpeto hold the inner LH1
ring to the central RC. On the other side of the complex, there is a RC-U padligeepomprising a pair of helices that
forms a hairpin structure; RC-U clamps the LH1 ring to the RC by attagtst one end through hydrogen bonds to
the N-terminal regions of LH1 subunit 13 and at the other to the RC-Hc subunit [32]. There ac®uterparts to
RC-S and RC-U in any other structure determined to date and they appear to halwed to impart an extra level of
stability and resilience to the double-ring RC-LHA.Hh,4 complex. The final example of a RC variation is found in
Rba. veldkampiiFigure 5E), which in most respects is very similar to RCRlra. sphaeroidemdRps. palustris
for example. However, there is an extra BPhe, situated on the inactive B branchooféotor network, 7.@ from
Qg and 7.7A from the B branch BPhe, edge-to-edge for the conjugated part of eatdcole. The function of this
third BPhe is unknown at present [34].

Exporting the quinols produced by the RC-LH1 complex

All RC-LH1 complexes exist to capture light, and to transienttyethe energy as a quinol. The high efficiencies of
energy transfer and trapping are of little value unless the final produwptjrol at the @ site, is able to escape from
the confines of the surrounding LH1 ring and diffuse on millisecondescales to the cii; complex. This section
will cover the variety of strategies adopted by RC-LH1 complexes for enabling quirfeursaanh.

Two rounds of RC photochemistry produce g @Quinol, but this is only one of several quinones to consider and
at any one time there are quinols from previous RC turnovers traver$iagsurrounding LH1 antenna, en route
to the cytbg complex. There are also several quinones arriving from thdcytomplex, which ensure a steady
supply of substrate for impending reductions at thg §ite; this mixed population of quinols and quinones forms
an intramembrane pool, part of which is sequestered within the RC-téthplex. Thus, as many as 15 quinones
per RC can be extracted from purified RC-LH1 complexes [126]. At room tempexatuese molecules can occupy
multiple locations as they jostle within the confined space eetwthe RC and the inner wall of the surrounding
LH1 complex, obscuring structural analysis of their positions. However, sgonpparation for cryo-EM or X-ray
crystallography appears to trap at least some quinones iningrtsitions consistently enough for them to appear
in density maps. Remarkably, structurally resolved quinones from several RC-LH1 cosdexae superimposed,
even though they were purified from many species of proteobacteria, asuagiety of methods. Apart from the
expected @ and (s sites, the overlaid quinones in Figure 6A reveal four more sites for quinone occyabetled
Q1-Q4 and all mapped onto a single RC, in this case fRyms. palustrisThe consistent locations of these sites within
diverse RC-LH1 complexes likely reflect snapshots of a generic diffusion pathifamigjas they undock from the
RC @ site, move within the space that separates the outer face of the RC and the inndrtfecktél complex, and
finally traverse the LH1 barrier. Q1-Q4 could map the positions of local minimanieergy landscape, in which
quinones are trapped by rapid freezing; disorder in the density map prevents furthenmssits for the majority
of the quinones quantified by extraction [126], but developments in cryo-trapping prégéaoa image processing
methods could reveal more quinones in future.

Figure 6B shows an enlarged view of site Q2 with quinones from eachsteuia a unique colour. In thédRps.
palustrisstructures, interactions of the quinone head group with L-Trp143 and L-GIn88 wleserved, and multiple
sequence alignments show these two residues are strongly conserved in higpietldRCs. The coincidence of their
positions could indicate a location where quinones transiently reside prior tegugsacross the LH1 ring. The first
such exit point was originally assigned for tBkc. viridiscomplex as @[4], and here this quinone forms part of the
cluster now termed Q3 (Figure 6A). Figure 6C shows the position of Q2 relative to #r@rapin the RG-LH114-W
complex ofRps. palustrisand Q3 is just visible in Figure 6D behind a BChl phytol chain due to a small gap in the
LH1 ring, one of many in the closed REC H1;5 complex. For reference, Figure 6E shows the corresponding position

1un Aq Jpd-06800-2202-150/S€89¥6/68002202HSF/S/Ev/4pd-8(o1e/daiiosolq/wod ssaidpueiod//:dny woly papeojumoq

ISIDA

£202 J3QWNON O UO Jasn plausays Jo Ay

License 4.0 (CC BY).



Figure 6. Quinone diffusion through RC-LH1 complexes

(A) Semi-transparent surface view of the RC from Rps. palustris with overlaid accessory quinones from all structures. Clusters of
resolved quinones are labelled Q1-4. The Qa and Qg quinones are in yellow, accessory ubiquinones are in blue, menaquinones in
red and rhodoquinone is in green. For clarity isoprene trails have been truncated to one unit. ( B) Enlarged view of site Q2 with the
quinones from different structures in unigue colours. ( C) The gap in the Rps. palustris RC-LH114-W complex with its Q2 quinone
shown in space Il representation. ( D) View of the narrow pores through which quinone is expected to diffuse between pairs
at the Q3 position of the Rps. palustris RC-LH116 complex. The Q3 quinone in space Il representation is from the Tch. tepidum
complex. (E) A view adjacent to Q3 in the Rba. sphaeroides RC-LH1 complex showing how the second carotenoid obscures the
pore through which quinones can diffuse. ( F) Views of various complexes perpendicular to the plane of the membrane, simpli ed by
omitting BChls, by using coloured circles for transmembrane helices, and with stick representations for carotenoids and quinones.
Dashed arrows show potential routes for quinone diffusion with each line thickness providing a rough indication of the likelihood for
each pathway. The LH and Q +/- designations are for comparative purposes, as rough indicators of the capacity of each complex
for light harvesting and quinone traf c.
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in the RG-LH114-XY complex fromRba. sphaeroidglsere, the LH1 ring comprises an array of BChhCrt, LH1
subunits, each with an extra Crt that obscures the small gap for quinone expariealloy BChbLCrt units (see
Figure 6D). Figure 6F shows a series of projection views of representative RC-LH1 aasplsummarise possible
routes for quinone traffic. The thicknesses of the dashed lines provide rough apptmasaf the likelihood of
quinone diffusion, based on gaps in the LH1 antenna identified in the structunesthe LH+ and Q+ designations
provide rough indications of the capacity of each complex for transferringagti@it energy and quinones, illustrating
the conflicting requirements for these processes. At one extreme, the ddobk] cings of in the RC-LH1 complexes
from Gem. phototrophicpresent the most challenging barrier for export of quinols from the RC. Howekier
structure shows that- polypeptide spacings for the outer LHh ring are 18.4arger than the 14.8 for the LH1
ring, so the inner LH1 structure could be the major obstacle for quinols and quinones, as érbtised rings found

in Rsp. rubrum, Rps. palustris, Tetrain 970Tch. tepidumandAlc. tepidum(Figure 1). In these structures it is
assumed that sbreathinge motions and small gaps between LH1 polypeptides mwglahone traffic [127]. A «freee
quinone, designated £Jn the Gem. phototrophiceomplex [32] and corresponding to Q3 in Figure 6A, lies close
to the inner wall of LH1 adjacent to weak B800 density in the outer LHh ring. Another struiéyuesolved quinone
sits near another possible exit point in the inner ring that coincides with even w&8@0 density. The lower B800
densities in the outer LHh complex could stem from quinone diffusion at these points iririgegiving rise to local
disorder, or from a Q-channel forming where there is low occupancy of this BCldibg site. Figure 6F (top left)
shows a possible diffusion path for quinones@em. phototrophicahe LH and Q designations reflect the extra
light-harvesting capacity conferred by the outer LHh ring, as well as thacestipossibilities for quinone diffusion.

In comparison with theGem. phototrophiceomplex, other complexes with single rings (Figure 6F) sacrificez
some light-gathering ability while improving the prospects for quinone diffusion. HarenBlIc viridis -subunits
block 16 of the 17 potential quinone pores, imposing a single aiiitm@at the only position with no -polypeptide
[4]. In the Rpi. globiformid.H1 5/16 binding sites lack a-like outer polypeptide [31], and this lower occupancy
is expected to permit more movement of quinones across the LH1 barrier. The wild-type ati@ps. palustrigs
unusual in assembling open RCH1,,-W and closed R&LH1;6 complexes, both of which are apparently able to
sustain photosynthetic growth [128], providing a useful structural comparigigure 6F depicts quinone traffic via
the sbreathings motions in the R€.H1;5 complex and such small gaps between polypeptides are likely found in oth
closedring systems. The RCH1,4-W complex represents a degree of specialisation, with one part of the cloged r
and its light-harvesting capacity, sacrificed to create an openr@idor unobstructed quinone diffusion. Protein-W
appears to prevent binding of a&nd 16" LH1 subunits, counteracting the natural tendency of the assembly syste
to fully enclose the RC (see the later section on assembly of the RC-LH1eogumithe open REGLH114-XY complex
of Rba. sphaeroideshown in Figure 6F in its monomeric form, embodies yet more specialisation [33]. Thetateu
of the fully encircled PufX-minus complex (not shown) has been determined, revealing datempg of 17 LH1
subunits, so the gap in the native structure can accommodate another threeubidfits [37]. This gap is formed
by the PufX polypeptide, as also seen in Riga. veldkampicomplex. HoweveiRba. sphaeroidd®s recruited
another component, protein-Y (also called protein-U in [38]), which forms an intecuénone channel between its
inner face and RC-L, providing more access to thesige. On the other side of protein-Y the two TMHs lie against
the inside face of the LH1 polypeptides at positions 13 and 14, acting as a spacer that holdiexitde, free end
of the LH1 arc away from the RC [33]. AFM of membranes and complexes from an LH1-ortgntnshowed that,
in the absence of any restraints, LH1 subunits are linked so flettialythey can form curved arrays of varying sizes
and shapes [61,62]. Together, protein-Y and PufX prevent LH1 subunits 11...14 from curdrdsttve RC, which
would constrict the ring opening and hinder quinone diffusion. Another coment, protein-Z, was identified in
the structure of the dimeric RC-LH1 complex froRba. sphaeroide@RG-LH1;4 -XYZ,),, but its structural and
functional roles are uncertain [36].

In summary, the RC-LH1 structures show how the core complexes fRma. palustris, Gem. phototrophica
Blc. viridis Rpi. globiformisand Rba. sphaeroidesised here as examples of open, closed, single and doub
rings balance the opposing requirements for harvesting light and exgpguinols. An extreme solution to this
problem would be to dispense with the LH1 ring, and indeed a RC-only mutailof. sphaeroidesquires no
quinol/quinone channel, since it is open to the membrane bilayer; however, this mutant harvstglit, which
retards photosynthetic growth [129,130]. This situation improves for mutants ofluiéible to form a complete ring
[131]. These structures illustrate the trade-off between packing the LH1 antenna withetoplight-absorbing pig-
ments, which could impede quinone diffusion, and assembling too few LH1 subunitglriiie RC, which would
hinder growth under low light conditions.
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Lipids and RC...LH1 interactions

Protein-lipid interactions

Dezi et al [126] showed that the RC-LH1 complex®ifa. sphaeroidesntains over 150 lipids, approximately half
of which were cardiolipin, with 24% phosphatidylglycer®2% phosphatidylethanoamine, and 14% phosphatidyl-
choline. Despite their likely disordered conformations, several lipids havereseived within RC-LH1 structures,
along with detergent molecules. Many of these lipids and detergents are foqundstered between the LH1 ring
and the RC, in the gaps between the transmembrane regions of the proteinrRpBh@alustriRG-LH1;¢ structure
[27] has been selected here as an example of a closed ring complex; Figure 7A showsithlataeholipins are lo-
cated on the cytoplasmic side of the membrane in the region of the RC-H TMH [27]. In Figurgpé® from three
more selected complexes, fraroh. tepidum(RCs-LH136), Rba. veldkampiiRGs-LH115-X) andRba. sphaeroides
(RGs-LH114-XY) [29,33,34], are overlaid on thoseRps. palustrissmphasising their similar positions. Cardiolipin
is the predominant lipid identified in these structures, but we note thapassent of cardiolipin is relatively straight-
forward as it is the only lipid with four hydrophobic tails, allowing it to be idi¢ied easily from its distinctive shape.
Cardiolipins have been previously observed in crystal structures of RCs [132Zsaitbady mentioned biochemi-
cal studies have shown that RC-LH1 complexes are enriched in cardiolipin [126]. These strantlbéochemical
findings suggest that cardiolipin binding sites are strongly conservedh®tumenal face of the complex several
more lipids, assigned as phosphatidylcholine and phosphatidylglycerol iRptse palustristructure (Figure 7C),
are commonly observed (Figure 7D). However, the identity ofeHigsds is more variable across the range of RC-LH1
structures, possibly as a result of the lipid type being less well cons#reaifficulty in reliably assigning structurally
similar phospholipids with two tails from their density, or the variable replacemenpiafdiwith detergent molecules.
Lipids near the RC-H TMH are in excellent agreement on both leaflets of the memabbut on the distal side of the
RC their positions are more variable, reflecting the variation in structeress the family of RC-LH1 complexes
in this region, and because greater flexibility of the lipids here may aid quiddfiesion through the lipophilic en-
vironment they provide. Analysis of the twRps. palustristructures identified many well-conserved RC and LH
residues with hydrogen bonds to phospholipids. These specific interactions and sgap-fitlaperties of the lipids
within the LH1 ring suggest they play a major role in stabilising interactictsiken LH1 and the RC. In addition to
the lipids inside the LH1 ring, lipids and detergents are often seen intercghadith the LH1 subunits on the outside
of LH1, particularly on the lumenal side of the complex (Figure 7C,D). These lipids may praddigonal stabilis-
ing interactions and provide an interface between the RC-LH1 complex and the menttitayer in which they are
embedded.

Lipids have been found to play additional important structural roles in RC-LHhplexes. The transmembrane
signal peptides of most RC-C subunits are cleaved during export toghiplasm, and in some complexes, such as
the RC-LH1 fromTch. tepidumthe cysteine residue at the export cleavage site is modified with a covaleutig b
lipid [29]. This group provides a hydrophobic anchor that helps to tether the RC-C subunit teegtef the complex
(Figure 7E). This modification is common to membrane associated cyts that lack a TMHliffieeic complex of
Rba. sphaeroidstows another potentially important role played by a lipid [36]; in this ¢dhsdocal resolution was
unusually high allowing assignment during the modelling process as sulfoquinovosylijyaerol (SQDG). On each
side of the dimer the lipid head group is hydrogen bonded to PufX arginine residues 483afmbt shown), both
of which are essential for dimerization, whilst the SQId tails extend into each half of the monomer making
extensive lipid...protein and lipid...pigment interactions at the dimer interface (Figure 7F). Tiidreecanother
lipid in this region, which is labelled as Lipid-2 in Figure 7F. This has been suggedtedatoornithine lipid, which
is known to be presentiRba. sphaeroid¢$33,134].

Protein...protein interactions between the RC and LH1

In all RC-LH1 complexes a series of protein...protein interactions binds the LH1orithge tRC. Using thélch.
tepidumRGCs-LH 416 complex [29] as an example, the outer face of the transmembrane A helix of RC-L makes pre-
dominantly van der Waals contacts with the inner transmembrane facaif the second LH1 subunit (Figure 8A,
lower left panel). There are also interactions between the soluble loops of LH1 suburtsnd surface-exposed
residues of RC-L. In closed ring structures these can extend to the LtHat is absent from open rings (L6 in Tch.
tepidum). The TMH interactions can be found in all structures, but the surface interastavze somewhat variable
because there are differences in the structures of the LH1 extrirgiimnge TMHs A and B of the M-subunit make
extensive van der Waals interactions witB-9 of LH1, with additional surface interactions between M and LH1
subunits 7...12, predominantly on the lumenal face of the membrane, and a single interatttio8 wn the cyto-
plasmic face (Figure 8A, upper right panel). Again, the transmembrane interactions ametsn most structures,

€202 19qWaAON OF UO Jasn piayays 4o Aussaniun Aq jpd-06800-2202-1S0/SE89Y6/68002202HS8/S/Ev/pd-aonte/dauidsolg/wod ssaidpuepiod;/:diy wouy papeojumoq

© 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Comnﬂ:& Attributio
License 4.0 (CC BY).



Bioscience Reports (2023)43 BSR20220089

[ ]
'... FF:F?E%ELAND https://doi.org/10.1042/BSR20220089

(A) Rps. palustris (B) Overlay from several
RG-LHL4 structures

Cytoplasmic
Cytoplasmic

(D)

G!

© ©
c c
[} [}
€ €
> >
4 4
Cardiolipin
Phosphatidylcholine Tch. tepidumRG-LHL 4
Rba. veldkampiRG-LHL X
Detergents

(E) (F)

Rba. sphaeroidedimer
interface

€202 19qWaAON OF UO Jasn piayays 4o Aussaniun Aq jpd-06800-2202-1S0/SE89Y6/68002202HS8/S/Ev/pd-aonte/dauidsolg/wod ssaidpuepiod;/:diy wouy papeojumoq

Figure 7. Resolved lipids in RC-LH1 complexes

(A) Lipids on the cytoplasmic face in the Rps. palustris RC-LH1, complex (coloured as in key in panel C). (B) Overlaid cytoplasmic
lipids from selected complexes (see key in D). (C) Lipids from the lumenal face of the Rps. palustris RC-LH1;4 complex. (D) Overlaid
lipids in four RC-LH1 complexes, viewed from the lumenal face. ( E) Modi cation of the N-terminus of Cys23 (following removal
of the signal peptide) in the Tch. tepidum complex, providing a lipid anchor (grey) for the RC-C subunit (green). (F) SQDG lipids
at the dimer interface in the Rba. sphaeroides (RC3-LH114-XYZ3), complex. The interface is outlined with a black square and the
expanded view shows the interface from the periplasmic side, using a diagonal dashed line to indicate the approximate position
of the interface between monomers. For clarity, BChl and carotenoid pigments have been omitted. SQDG lipids are shown within
a mesh representing the density; the solid grey densities for another, unassigned, lipid (Lipid-2) are also shown. Polypeptides
belonging to each monomer half of the complex are labelled as RC-L, RC-Le, for example.
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whereas the membrane surface interactions are variable. Interactions wigiHé TMH are limited to a few po-
lar interactions and hydrogen bonds on the cytoplasmic and lumenal surfaces Wwittind 6 of LH1 (Figure 8A,
top left panel). There are also interactions between the soluble region of Hhantytoplasmic loops of LH12-5
(Figure 8A, lower left panel). Similar interactions involving the RC-H subunit aesent in all RC-LH1 complexes
exceptRfx. castenholzihich lacks an H-subunit. In complexes with a C-subunit there apéclly minimal in-
teractions with three hydrogen bonds between C and LKiibunits 12, 14 and 15 (Figure 8A, lower right panel).
The limited interactions seen in some RC-LH1 complexes containing C-subunits may explain wayRsosrhave
evolved without a C-subunit with no impact on the integrity of the rethe complex. However, in C-subunits with
TMH anchors there are additional interactions with LH1, although thesevariable in theRfx. castenholzand
Rpi. globiformizomplexes because their RC-C TMHSs bind in different locations [31,35]. IiRihie globiformis
complex the N-terminal domain of the C-subunit forms a series of Imoi the cytoplasmic face of the complex with
RC-M and RC-H residues, and via a polar bond to an LHpolypeptide.

Some LH1 complexes have additional unique interactions between the RC and LH1. In spesiak the
polypeptides have extended C-terminal regions that associate with the C-subunit (forde3tev. strain 970 in
Figure 8B). In this example the extendedubunits ( 2 and 9) are encoded by one of the additioraif operons
that produces LH1 subunits, resulting in a heterogeneous LH1 complexA28]tepidumalso contains extended

subunits but those that interact with RC-C are in different locationd3 and 15) around the ring [30]; the
corresponding interactions are with10-12 and 15 inRpi. globiformi$31]. As already noted in Section 6, super-
numerary subunits in th&em. phototrophiceomplex interact with both RC and LH1 [32]. One of these subunits,
designated RC-S, extends across the lumenal face of the complex interacting with LH1 siteopioles of the ring
at subunits 8 and 16, forming hydrogen bonds with RC-M, RC-C, and RC-L subunitsh®eytoplasmic side of the
complex, the RC-U polypeptide forms hydrogen bonds to the N-terminal regionsi@fdubunit 13 and at the other
end to the RC-Hc subunit. Thus, the extrinsic RC-S and RC-U polypeptides bind theibgiforthe RC (Figure 8C).
Figure 8D illustrates another type of interaction that helps to bind LH1 to the RRhodobactespecies the PufX
protein holds the LH1 ring open, and it interacts with the RC-L subunit on the lumenal face &@ealso, the PufX
TMH interacts with the TMHs of the first LH1  pair towards the cytoplasmic side of the membrane (Figure 8D)
[33]. PufXis present in RC-LH1 complexesi®ba. sphaeroidemdRba. veldkampiénd it is presumed that PufX
proteins of otheRhodobactespecies, such &ba. capsulatysre similar. In addition to PufXRkRba. sphaeroides
has an additional, unique subunit called protein-Y (or protein-U) [33]. Protein-Y binds t8elRsubunit on the cy-
toplasmic and lumenal sides of the complex leaving a gap between itself and the tramsmenmegion of the RC.
The outer face of protein-Y interacts with13 and 14 of LH1, providing a set of stabilising RC-LH1 interactions
that lock LH1 into a conformation that assists quinone diffusion to and from the RGit@ (Figure 8D), as discussed
above.

Assembly of RC-LH1 complexes

General aspects of membrane and photosystem assembly

Facultative photoheterotrophs can dispense with the need for light, and canduespiration as a source of energy.
This interesting property was noticed many years ago in bacteria suRbassphaeroid€genRps. spheroidgs
Rsp. rubrumandRba. capsulatu@hen Rps. capsulata or capsulat{s35...138]. Early investigations into photo-
system assembly took advantage of this propertRbf. sphaeroideby using high levels of aeration to suppress
pigment biosynthesis and formation of intracytoplasmic membranes in dark-grown culiRf@4.H1 assembly and
development of intracytoplasmic membranes could be initiated in the datéMegring the level of oxygen [139...143].
Further control can be exerted by modulating light levels in photosynthejigatiwn cultures oRba. sphaeroides
[24,144,145]. These approaches showed that formation of RC-LH1 complexes dominatelytstages of develop-
ment, followed by assembly of LH2 complexes round the RC-LH1 complexes to form mixednaearegions, then
further accretion to form LH2-only domains [143,146...148], the size of which is inverspbrgwaal to the light
intensity in photosynthetically grown cultures [24,145]. It was possible to fraatéocell extracts and isolate an sup-
per pigmented bande (UPB), containing membrane sites where photosystem assemitlgrabcane invagination
are initiated [149]. This role was verified by pulse-chase experiments, which alsodsti@aiéhey were ehotspotse
for the biosynthesis of proteins [149,150] and BChls [145], also supported by a subiseqssrspectrometry study
[151]. Spectroscopic investigations showed that these immature UPB membraneswetly established in terms
of energy and electron transfers [152...154], and AFM showed that the curved, ngattaped morphology seen
in EM of negatively stained samples is imparted by the presence of a few RC-LHE{ise}. The prior bending of
the membrane by the RC-LH1 dimer favours the subsequent incorporation of LH2 lese®[56], which also have
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Figure 8. Protein...protein interactions between the RC and LH1

(A) View of the Tch. tepidum RC-LH1;6 complex from the periplasmic face with residues mediating RC-to-LH1 interactions shown
as sticks. Regions of interest in the green ellipses are expanded and reoriented for clarity in the four boxes. Interacting sidechains
are in solid colour and protein subunits are in semi-transparent colour. ( B) Expanded view of periplasmic C-terminal extensions
to the LH1 polypeptides that provide additional interactions between LH1 and the C-subunit of the RC in  Trv. strain 970. (C)
Supernumerary subunits in the Gem. phototrophica complex (RC-S in red, RC-U in magenta) that interact with the RC C- and
H-subunits, and with the LH1 ring (speci c LH1 polypeptides in yellow) on both faces of the complexes. ( D) PufX in the Rba.
sphaeroides complex (red) interacting with the RC L-subunit, and the rst pair of LH1. Protein-Y is in green. This tilted view of
the cytoplasmic side of the complex shows the opening in the LH1 ring. In (B...D) interacting subunits are in solid colour and other
protein subunits are in white.
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membrane-curving properties [54]. Monte Carlo simulations show how the shapes and ceruatiucing proper-
ties of RC-LH1 and LH2 complexes encourage partitioning into separate domainsegenge of which was verified
by AFM, native gel electrophoresis and linear dichroism [45,155]. The end result of thestegssembly sequence
is a budded intracytoplasmic membrane 50...60 nm in diameter that retains its original ditelofregnt to the cyto-
plasmic membrane, or which can detach fully to become an independent photosynthgiceties [150]. Analysis of
solubilised complexes on sucrose density gradients [80] and AFM [24,156] show that theKRG-XYZ,), dimer

is the dominant form of this complex in mature chromatophore membranes, aedetlare approximately 11 in a
single chromatophore, along with2 RG-LH1,4-XY monomers [49]. Thus, these core dimers impart significant
curvature to the membrane and tend to associate in groups, surrounde®byH2 complexes [49...51].

Early analyses of energy transfer using singlet-singlet annihilation [146,157], and a nesreulafast study of
live, photosynthetically grown cells &ba. sphaeroid¢85], show that an intracytoplasmic membrane vesicle, the
chromatophore, can be considered as a single functional unit in terms of emarggfer, trapping and ATP produc-
tion [49...51]. Extensive computational simulations, based on AFM, mass spectrepetiyoscopy and EM studies
culminated in a 100-million atom-scale model of a chromatophore that accountslfbicenergetic events, from
absorption of light to EET, charge separation at the RC, turnoveretihibc, complex and production of ATP [51].
Computational models of chromatophores were substantiated by AFM disiimgact chromatophore vesicles [158].
Remarkably, these simulations can be extended to account for doubling times of thelraatader a variety of light
intensities [159].

Although the mature photosynthetic membrane is well charactdriaed the UPB sites for initiation of membrane
assembly can be isolated, little is known about the provision afteabids, BChls and nascent LH and RC polypep-
tides, and the processes that ensure that they are brought together efficidmte is an important role in RC-LH1
assembly for LhaA, predicted to be a membrane-intrinsic protein comprising 477 amino @bielthaA gene lies
within the photosynthesis gene cluster (PGC), 80 kb region of the genome where most of the genes related to
the biosynthesis, assembly, regulation and function of RC-LH1 complexes are known toimesiciember of pho-
totrophic bacteria (for example, [160...163]). In the PGRIo&. sphaeroides Ihaésituated next tpuhA, which
encodes the RC-H subunit; deletion faA abolishes the assembly of most, but not all, LH1 complexes [164]. A
combination of spectroscopy, immunoprecipitations, native gel electnagsi®, quantitative mass spectrometry and
fluorescence lifetime microscopy shows that LhaA forms oligomers at sites whereramenntivagination is initiated,
and that it associates with RCs, BChl synthase (BchG), the protein translobasidt ajC, and the YidC membrane
protein insertase [56]. It was proposed that LhaA is part of a membraned@nain in which the close proximity
of biosynthetic and membrane insertion components promotes coordinated pigdetivery, the co-translational
insertion of LH polypeptides, and their folding and assembly to form photosyitlemplexes [56].

Assembly of the RC-LH1 complex

Despite the uncertainties regarding the formation of RCs, the provisipigofients and the synthesis of BChLCrt,
subunits, we can propose a sequence of events that culminates in the formiatendimeric (RG-LH114-XYZ5),
complex ofRba. sphaeroidebdeed, of the many RC-LH1 structures recently determined, the dimeric RC-LH1
from Rba. sphaeroidéms received the most attention in terms of its assembly pathway, ingjudesequence of
events suggested earlier [165]. The unusual bent structure of the dimer (Figure 1) imposasie on the pho-
tosynthetic membrane in which it sits, so the assembly of the complex is irsd@pédinked to the formation of in-
tracytoplasmic membranes. The sequence of events that form the RC and then encircle it with ludissignot
known in detail, but some general points can be made. RC-LH1 complexes are likéfydiaithe inside, RC first,
then moving outwards; then, there is a site on the RC where the fi#&tdubunit binds, acting as the initiation point
for recruiting more subunits [147]. In cases where there is a non-LH1 componert,agiBufX in the case d&ba.
sphaeroidesr Rba. veldkampijiattachment of this protein creates a specific binding site that acts as thegtar
point for LH1 assembly. As oligomerisation proceeds and the complets $tewrap around the RC, the flexibility of
the LH1 array [61,62] allows it to conform quite closely to the shape of the RCrifugpecific LH1-RC contacts. In
effect, the RC acts as a template for LH1 assembly, and oligomerisatiaegsogntil either the RC is fully enclosed,
or until it comes to a halt because a PufX polypeptide prevents addition o mo subunits. The result is either a
closed ring or one with a gap, and examples of both are shown in Figure 1.

Figure 9 depicts a possible sequence of events that form the dimeriglL(RG 4-XYZ,), complex fromRba.
sphaeroide#ncorporating the pathway suggested recently [37]. Obtaining strestof intermediates would provide
valuable snapshots of this assembly process, and such progress has been maglerfesisiof PSIlI in cyanobacteria
[166], but despite the absence of such structures it is possible to piece togéiltedy series of steps in the assembly
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of theRba. sphaeroideimer complex. The structures of complexes lacking PufX, but still with protein-Y, &nd o
alternative conformations of the dimeric (RCH114-XY), complex ofRba. sphaeroid¢37,38], add to the picture
of dimer formation. The assembly sequence is assumed to start veifR@iH subunit, based on early immunological
analyses [167], but in fact there is little known about how the RC complexdofntime course of RC-LH1 assembly
was studied in a low-aeration cell culture, before the existence of protein-Y was knowh, shioiwed that PufX is
incorporated into developing core complexes relatively early in the asgambglience, followed by LH1 [43]. Thus,
having arrived at the three-subunit RC at stage 2, it is proposedhiX and protein-Y polypeptides are the first to
attach to their docking sites on the RC; however, protein-Y appearsitete sequence proposed by Cao et al [37].
The C-terminal domain of PufX is proposed to bind initially to the RC-L suburétan extensive network of hydro-
gen bonds. The transmembrane region of PufX makes a series of van der Waatdscwiitia RC-L corresponding
to stage 3 in Figure 9. Protein-Y is also proposed to bind to the RC early in thenblysgequence, via H31, W22,
F33, L36 on its periplasmic hairpin loop docking with W265, W266, L269 and W271 on the RC-his[88]. We
suggest that the first LH1 subunit attaches to the N-terminal domain of PufX, yielding gtagtachment of this first
subunit adds only one carotenoid instead of the two in subsequent LH1 sugytinét structure of the dimer complex
shows that each of the Crt2 carotenoids is missing from the monomenomer interface because of the proximity
of PufX polypeptides [36]. Subsequent recruitment of furtheBChhCrt, subunits is likely to progress in a clock-
wise direction, with reference to Figure 9, stabilised by intiwas with the preceding subunit through overlapping
BChl macrocycles and carotenoids that interlink neighbouring subunits. No carotenoidsouveictin the final, 14th
subunit.

As detailed in the section on RC-LH1 protein-protein interactions, LH1 subunits at pasit®..9 form a series
of bonds with RC subunits; LH1 2-4 are bonded to the RC-L and RC-H subunits, LH16 to RC-H, and LH1

8,9 are hydrogen-bonded to RC-M [33]. These RC...LH1 interactions are important, anstédibs showed that

in their absence there is a loss of control of LH1 subunit oligomerisation, ingevhiboth the number of subunits
and their morphology [62]. By the time that nine LH1 subunits have been added a complex hadferith some
light-harvesting capacity, and with an open side on the RC that would allow k&®aege of quinols and quinones
at the @ site. In theory, assembly could stop at this point with asRE11¢-XY complex, and indeed mutational and
suppressor studies show that RCs with incomplete LH1 arrays can assemble amhf{#®1,168,169]. However, it
is reasonable to suppose that there is an advantage in having the extra light-hayeeg@city conferred by adding
five more LH1 subunits. As these LH1 subunits are added, and timplex winds round towards the RCg3ite, the
LH1 subunits 13 and 14 attach to the outside face of protein-Y1 LHArg15 residues form hydrogen bonds with
Vald, Thr49 and Asn51 of protein-Y and a hydrophobic interface is formed between thentembrane regions of
LH1 13, 14 and protein-Y [33]. These interactions are consistent with a structural anafysisamplex lacking
protein-Y (protein-U in [170]), in which oligomerisation has halted after the additafri1l LH1 subunits [37]. The
intervention of protein-Y widens the arc of LH1 subunits away from the RC torga space for quinones and quinols
to enter and leave the RCg3ite, and by stage 6 a monomeric RICH1,,-XY complex has formed (Figure 9). Bio-
chemical and AFM analyses show that this monomeric complex is faungeimbranes, particularly when the level of
aeration of the cells produces spheroidenone as the major caroteneigMen, anaerobically grown cells producing
spheroidene have mainly dimeric complexes [80]. It has been proposed that thedmal assembly yields an asym-
metric complex with differently sized gaps in the LH1 rings [38]. Figure 9 shows two clafs@R€z-LH114-XY),
complex structures, both symmetrical, with the stage 8 complex in the sequeoposed to form when the two
monomer halves of the class-2 dimer twist [37]. This slight rotation, which was first noiticéner-only tubular
membranes, is propagated along hundreds of laterally packed dimers creating linear,dredigaithat align along
the long axis of the tubes [12]. In the spherical intracytoplasmic membranes founddrtygie Rba. sphaeroides
the dominance of LH2 complexes counteracts this tendency of dimers to form long-range hebyal[d5,47]. Re-
cruitment of protein-Z is proposed to occur at stage 9 in Figure@ning the (RG-LH114-XYZ,), dimer complex,
which is the structure determined in [36]. However, much more work needs tmabed out to define this assembly
sequence more precisely.
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Summary and Outlook

By comparing and contrasting the thirteen unique RC-LH1 structures available aintieeof writing, this review
highlights the remarkable variation in the architectures ofstaeomplexes. The variation occurs at the level of the
common components, for example, the presence or absence of the RC-C subunit, theregaétthe individual
polypeptides, and the pigments bound by the RC and LH1 subunits. Further divergjiyates from the way in which
the individual subunits associate, for example, to produce open or closedihgd, and the presence of additional
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Figure 9. Possible assembly sequence for the dimeric RC-LH1 complex of Rba. sphaeroides

Assembly stages 1...9 are based on the events proposed in [37,165]. They denote a series of assembly intermediates, viewed from
their periplasmic sides and starting with (1) the RC-H subunit, then (2) the binding of RC-L and RC-M subunits. In (3) PufX and
protein-Y are recruited, acting as a start signal for assembly of the (RC 3-LH114-XYZ5), complex and providing an anchoring point
for building the LH1 ring, starting with the arrival of the rst LH1 BChl,Crt;, subunit (4). (5) More LH1 subunits are added, with the
RC acting as a template for correct sizing of the LH1 ring; this assembly intermediate has tightly bound LH1 subunits at positions
7...9, with the shortest EET distance from LH1 BChls to the RC special pair of BChls. (6) Encirclement of the RC is complete, leaving
a gap for quinone traf ¢ to and from the RC, and creating the RC 3-LH114-XY monomer complex. (7) The rst stage of dimerization,
promoted by C-terminal contacts between each PufX and its opposing LH1 14 partner. (8) The next stage forms a dimer with two
rings of BChls seamlessly connected for excitation sharing between the two halves of the structure. (9) Two copies of protein-Z are
recruited. LH1 isin blue, LH1 in yellow, PufX in red, RC-H in cyan, RC-M in magenta and RC-L in brown. BChl and carotenoid
pigments have been omitted for clarity.

subunits. Many of these additional subunits appear to have been recruit@thderolution and are unique to just a
few species of bacteria.

As additional structures of RC-LH1 complexes are determined we expect this divergibywargparting a deeper
understanding of how evolution balances the conflicting requirements for maximisimgggigdensity for light har-
vesting with the need to permit efficient diffusion of quinones between the RC lamdjtinone pool. Structurally
resolved quinones will provide further insights into quinone diffusion acrossuh®anding LH1 rings, and alterna-
tive conformations observed by cryo-EM will provide insight into canmhiational changes and dynamics occurring
in these complexes, which are too often assumed to be static. These structuedsonallow the rational design of
new RC-LH complexes, either via a mix-and-match approach where components of $e€emald LH complexes
are combined, or through thée novodesign of new components inspired by natural variation. The ghiititcom-
bine near-atomic resolution structures with decades of biochemical and speqirosbaracterisation is adding new
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depths to our understanding of RC-LH1 complexes of purple bacteria and will lead to exaiting new discoveries
in the years to come.

Note added in proof

Whilst this manuscript was under review two structures of Riea. capsulatuRC-LH1 complex were published.
Bracun et al. reported a 3-subunit RC encircled by 15 LH1 subunits, with the ringumtesd by a single copy of PufX
[171], whereas Tani et al report a smaller complex with 10 LH1 subunits [172]. The ovetateature of the former
structure resembles the BCH1,5-X complex fromRba. veldkampijibut each LH1 subunit binds two carotenoids,
as found inRba. sphaeroidelsn addition, Tani et al observe a lipid-bound BChl within the 10-subunit Lktigr in

a different location to the additional BChl in tHesp. rubrunstructure. Finally, Bracun et al performed variability
analysis and showed significant flexibility of the LH1 subunits close to the opémitg LH1 ring, which may be
important for quinone exchange via the gap.
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