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Structural diversity and modularity of
ohotosynthetic RC—-LLH1 complexes

Lu-Ning Liu,"** Laura Bracun, ' and Mei Li®

Bacterial photosynthesis is essential for sustaining life on Earth as it aids in carbon
assimilation, atmospheric composition, and ecosystem maintenance. Many bacte-
ria utilize anoxygenic photosynthesis to convert sunlight into chemical energy while
producing organic matter. The core machinery of anoxygenic photosynthesis
performed by purple photosynthetic bacteria and Chloroflexales is the reaction
center-light-harvesting 1 (RC-LH1) pigment—protein supercomplex. In this review,
we discuss recent structural studies of RC-LH1 core complexes based on the
advancement in structural biology techniques. These studies have provided
fundamental insights into the assembly mechanisms, structural variations, and
modularity of RC-LH1 complexes across different bacterial species, highlighting
their functional adaptability. Understanding the natural architectures of RC-LH1
complexes will facilitate the design and engineering of artificial photosynthetic
systems, which can enhance photosynthetic efficiency and potentially find
applications in sustainable energy production and carbon capture.

Introduction

Photosynthesis is considered the most important photobiochemical process on Earth. Through
photosynthesis, phototrophs (see Glossary), including plants, algae, and some bacteria, can
capture and utilize energy from sunlight to produce organic compounds and chemical energy
that support almost all life forms [1,2]. The photosynthetic light-reactions occur in the specialized
membranes, termed the photosynthetic membranes, which involve a series of highly ordered
membrane-embedded and membrane-associated pigment—protein complexes [3-5].

Plants, algae, and cyanobacteria produce chlorophylls and perform oxygenic photosynthesis to
split water into oxygen, and provide protons and electrons for the generation of ATP and NADPH.
By contrast, some bacteria, including purple non-sulfur bacteria, purple sulfur bacteria and
green sulfur bacteria, synthesize different pigments and conduct anoxygenic photosynthesis
without the release of oxygen [6]. As an ancient process that has been present on Earth for billions
of years, anoxygenic photosynthesis played an essential role in shaping the early atmosphere of
our planet [7]. Although it represents a simpler photosynthetic form, today, it is still a dominant
form of photosynthesis in many ecological niches, including hot springs, deep-sea thermal vents,
aquatic and soil ecosystems where oxygen is scarce, and contributes significantly to the global car-
bon cycle [8-10]. The studies of anoxygenic photosynthesis have provided fundamental insights
into the mechanisms of photosynthesis and have led to the discovery of new types of pigments,
proteins, and photosynthetic supercomplexes in evolutionarily divergent species.

The photosynthetic light-reactions of purple bacteria take place in the photosynthetic apparatus

located in the intracytoplasmic membrane (ICM), which is composed typically of reaction centers
(RCs), light-harvesting complex 1 (LH1), light-harvesting complex 2 (LH2), cytochrome bc4 (Cyt
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bc4), and ATP synthases (ATPases) (Box 1). Sunlight is initially captured by LH2 and LH1 and then
transferred to the RC, in which energy is used to drive the primary reduction/oxidation (redox) re-
actions of anoxygenic photosynthesis. These reactions involve conversion of quinone molecules
to their completely reduced form and electron flow from the RC to the Cyt bc4 complex as part of
a cyclic electron-transport pathway, which finally leads to the generation of a proton gradient
across the membrane for ATP synthesis through ATPases [11].

Understanding the structures and interactions of natural photosynthetic complexes is key for elu-
cidating at the molecular level how they function and work together to perform efficient energy
and electron transfer in photosynthesis. The RC-LH1 core complex is central to purple bacterial
photosynthesis, but resolving the RC-LH1 structures at a high resolution has been challenging
due to their structural variability and flexible organizations [12,13]. In recent years, the development
of structural biology techniques, especially cryo-electron microscopy (cryo-EM), has remarkably
advanced the structural characterization of photosynthetic RC-LH1 complexes from various pur-
ple bacterial species at the molecular resolution [14-27] (Box 2). These studies have provided un-
precedented insights into the architectural diversity and modularity of the RC-LH1 cores.

Although the RC-LLH1 core complexes have conserved functions, protein sequences, and gen-
eral composition, as well as similar mechanisms of energy transfer and quinone/quinol exchange,
recent studies have clearly shown that the RC-LH1 structures are naturally modular and are
highly variable among different phototrophic species of bacteria of the phyla Proteobacteria,
Chloroflexi, and Gemmatimonadetes (Figure 1). These characteristics manifest in various as-
pects, including the RC structure, the LH1 organization, pigment forms and content, and addi-
tional polypeptides (Table 1). The natural diversity of the RC-LH1 structure highlights the
diverse evolutionary strategies utilized by different groups of phototrophic bacteria for optimizing
light-harvesting and electron transfer, and it provides the foundation for the functional adaptation
of the photosynthetic apparatus, ensuring the fithess of phototrophic bacteria to thrive in compet-
itive ecological environments while also facilitating their roles in the carbon cycle.

The RC and cofactors
The RC is a multicomponent pigment—protein complex that captures light excitation energy,
transferred from LH2 and LH1, and conducts the primary charge separation across the

Box 1. Intracytoplasmic membranes of purple bacteria: the sites for anoxygenic photosynthesis

In purple bacteria, the ICMs (also known as chromatophores) are specialized photosynthetic membranes to compartmental-
ize protein complexes and molecules involved in light-dependent photosynthetic reactions and energy transduction. These
protein complexes include light-harvesting complexes, RCs, Cyt bc; complexes, and ATPases (Figure |) [15]. The RC is the only
photosystem in purple bacteria, which is homologous to photosystem Il in oxygenic photosynthesis, both belonging to type-Il RC
characterized as a quinone/non-heme Fe?*/quinone electron acceptor system. Purple bacteria typically have two types of an-
tenna complex: () the LH1 intimately encircles the RC to constitute the RC-LH1 ‘core’ complex, which is ubiquitous in all species
of purple bacteria; (i) LH2 locates outside the LH1 ring, serving as a peripheral antenna to enhance absorption cross-section of
RC-LH1. The photochemical RC and its associated LHs constitute the photosynthetic unit (PSU). The PSU organization in ICMs
of many purple photosynthetic bacteria has been characterized by atomic force microscopy (AFM) [5].

BChl and carotenoid pigments within the LH complexes absorb photons of light as resonance energy. This excitation energy
is then transferred through a network of pigments in the LH complexes towards the special pair of BChis within the RC, where
energy is used to drive the primary reduction/oxidation (redox) reactions of anoxygenic photosynthesis and lead to the re-
lease of excited electrons. These electrons are then passed to RC-bound quinone electron carriers. After two electron trans-
fers, the quinone (Q) is fully reduced to quinol (QH) by binding two protons, which is then released from the RC and diffuses
to Cyt be; as part of a cyclic electron-transport pathway. The quinol is subsequently oxidized by Cyt bey, releasing two pro-
tons into the periplasm of the cell, while one electron is passed to the soluble Cyt ¢, and eventually back to the special pair of
BChlin the RC and the other returns to the Q pool via a quinone carrier. The cyclic electron flow results in the generation of an
electrochemical proton gradient across the ICM, which is utilized by ATPases for the synthesis of ATP [11].
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Glossary

Anoxygenic photosynthesis: a
process used by certain bacteria to
absorb light energy and drive
biochemical reactions that produce ATP
and organic matter, without releasing
oxygen.

Charge separation: a photochemical
process that occurs in the RC. When the
SP of BChls is excited and promoted to
a higher energy state, it donates an
electron to a neighboring BChl molecule,
then to a BPhe molecule, and finally to
quinone molecules. During this process,
the electron donors become positively
charged, while the electron acceptors
become negatively charged. This
separation of charges initiates an
oxidation-reduction process that leads
to a continuous flow of electrons across
the photosynthetic membrane,
ultimately generating a proton gradient
that is utilized for ATP production.
Cofactors: in photosynthetic com-
plexes, cofactors typically involve non-
protein molecules or chemical groups
that are required for light absorption,
electron transfer, and energy transfer.
For example, bacterial photosynthetic
complexes include pigments, quinones,
lipid molecules, and metal ions as
cofactors.

Oxygenic photosynthesis: a process
by which photosynthetic organisms,
such as plants, algae, and
cyanobacteria, utilize energy from
sunlight to produce organic matter and
split water to release oxygen.
Photodamage: the harmful effects
caused by excess light energy on
phototrophs. Excessive exposure to
light can lead to the production of reac-
tive oxygen species and heat, which can
damage photosynthetic proteins, lipids,
and DNA, ultimately resulting in a
decrease in photosynthetic efficiency
and bacterial growth.

Phototrophs: a group of organisms
that obtain energy from sunlight, either
directly or indirectly, to drive metabolism.
This includes photoautotrophic
organisms that use light energy and CO,
as a carbon source to produce organic
matter, and photoheterotrophic
organisms that use light energy and
organic compounds as a carbon source
instead of CO,.

Purple non-sulfur bacteria: a type of
phototrophic bacteria that can carry out
anoxygenic photosynthesis in the
absence of sulfur compounds and
hamess organic acids as carbon
resources and electron donors.


CellPress logo

Trends in Microbiology

£
ja)

oL
e \% { w.. e
. J

Light

Cytoplasm

Quinone
pool

Trends In Microblology

Figure I. Schematic models of the photosynthetic apparatus in the intracytoplasmic membrane (ICM) of
purple bacteria. (A) Side view of the photosynthetic apparatus including membrane-spanning light-harvesting 2 (LH2), LH1
that binds with the reaction center (RC) to form an RC-LH1 core complex, cytochrome bc; Cyt be), and ATPase. Light
energy is captured by LH2 and LH1, and excitation energy is then transferred to the RC to initiate charge separation. The
electrons are then passed to Cyt bcy and are shuttled back to the RC by the soluble Cyt ¢, or via the Q-cycle in the ICM
membrane. This cyclic electron transfer creates an electrochemical gradient across the ICM membrane, which is used by
ATPase to drive ATP production. Protein Data Bank (PDB) ID: 7PBW for LH2, 7DDQ for RC-LH1, 1ZRT for Cyt bcy, and
60QU for ATPase. (B) Top view of the photosynthetic unit (PSU). The RC-LH1 is surrounded by multiple LH2, forming a tightly
organized PSU to enable efficient energy transfer between the antenna complexes and RCs. Schematic pathways of energy
transfer in the PSU and pathways of Q/QH, diffusion between RC-LH1 and Q pool within the ICM are indicated. Note that the
exact locations of Cyt bcy and ATPase remain to be verified.

photosynthetic membrane, thereby resulting in the generation of a voltage gradient that drives
ATP synthesis. The RC of Blastochloris (Blc.) viridis was the first membrane protein complex
structurally resolved [28]; this was recognized by the award of the 1988 Nobel Prize in Chemistry.
Over the past two decades, several RC-LLH1 structures from different purple bacterial species
have been characterized at high resolution, advancing our understanding of the RC structural
and functional variations (Table 1).

The RC is typically composed of three transmembrane polypeptides: L, H, and M subunits along
with their associated cofactors. The RC-M and RC-L subunits are highly conserved among all
species of purple bacteria and are present in all the RC structures determined, implicating their
crucial functions in accommodating the cofactors and electron transport. The cofactors associ-
ated with the subunits M and L of the RC typically include four bacteriochlorophylls (BChls),
two bacteriopheophytins (BPhes), two quinones (Qs), a carotenoid, and a Fe®*; they are orga-
nized into two symmetrically related branches (Figure 2A). Close to the periplasmic surface, a
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Purple sulfur bacteria: unlike purple
non-sulfur bacteria, purple sulfur
bacteria are obligate anaerobes capable
of photosynthesis, and cannot grow in
the presence of oxygen; they use
hydrogen sulfide (HoS) as an electron
donor for photosynthesis and produce
sulfur as a byproduct. Purple non-sulfur
bacteria belong to a-Proteobacteria and
the B-Proteobacteria, and purple sulfur
bacteria belong to the y-Proteobacteria,
categorized based on 16S rDNA
sequence similarities.

Quinone transport: movement of
quinone electron carriers across
photosynthetic membranes for electron
transport. Quinones accept electrons
from the reaction center and pass them
to the cytochrome complexes to
generate a proton gradient for the
production of ATP.

Special pair: in the reaction center, two
bacteriochlorophylls form a strongly
interacting dimer known as the special
pair (SP). When excitation energy is
transferred from LH1 to the RC, an
electron within the special pair is
promoted to an excited state to initiate
charge separation and electron transfer
that leads to the generation of energy.
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Box 2. Milestones in RC—-LLH1 structural determination

Over the past 20 years there has been a tremendous endeavor to unravel the molecular details and explore the structural
variations of photosynthetic RC-LH1 complexes, owing in particular to the rapid advancement of cryo-EM technology. Re-
solved RC-LH1 structures and milestones in RC-LH1 structural determination are highlighted in Figure Il.

Number of publications
1 2 3 4 5 6 7 8 9 10

2021

2003 Rps. palustris monomer (PDB 1PYH, 4.8A, crystallization)

Rba. veldkampii monomer (PDB 7DDQ, 2.84A, cryo-EM)
2005 Rba. sphaeroides dimer (8.5A, SP-EM) Teh. tepidum HiPIP-RC-LH1 (PDB 7C52, 2.9A, crystallization)

Rps. palustris monomer RC-LH1,,-W (PDB 6Z5S, 2.65A, cryo-EM),
RC-LH1,, (PDB 6Z5R, 2.80A, cryo-EM)

Rsp. rubrum monomer (PDB 7QY8, 2.5A; PDB 73QD, 2.76A; cryo-EM)
Rba. sphaeroides monomer (PDB 7PIL, 2.5A; PDB 7FOL, 2.94A; cryo-EM)
Rba. sphaeroides dimer (PDB 7PQD, 2.90A, cryo-EM)

2007 Rba. veldkampii monomer (12A, cryo-EM)

2008 Rba. sphaeroides dimer (8.5A, SP-EM)

2012 Rca. bogoriensis dimer (13A, SP-EM)

2013 Rba. sphaeroides dimer (PDB 4V9G, 8A, crystallization) 2022
Rba. sphaeroides dimer (PDB 7VORS, 2.74A & PDB 7VY2, 2.75A &, cryo-EM)

&both structures have resolved and reported in 2021 on Biorxiv

Year

2014 Teh. tepidum monomer (PDB 4V8K, 3.0A, crystallization)

2018 Blc. viridis monomer (PDB 6ET5, 2.87A, cryo-EM) Rpi. globiformis monomer (PDB 7XXF, 2.24A, cryo-EM)

{ Teh. tepidum monomer (PDB 5Y5S, 1.9A, crystallization) ~ Rea. bogoriensis dimer (2.9A, cryo-EM)
Rfl. castenholzii monomer (PDB 57Q7, 4.10A, cryo-EM)  Afc. tepidum monomer (PDB 7VRJ, 2.81A, cryo-EM)

2020 Trv. strain 970 monomer (PDB 7C9R, 2.82A, cryo-EM) G. phototrophica monomer with double ring (PDB 700U, 2.35A, cryo-EM)

2021 * 2023

Rba. capsulatus monomer (PDB 8B64, 2.59A, cryo-EM)
Rba. capsulatus monomer (“impaired” structure, PDB 7YML, 2.62A, cryo-EM)

2022

2023

Trends in Microbiology

Figure II. Publications related to the studies of photosynthetic reaction center-light harvesting 1 (RC-LH1)
core complex structures over time. The numbers were calculated based on publications that focused on RC—LH1
structural determination and Protein Data Bank (PDB) deposits. The resolution, PDB ID (if available), and the method of
obtaining the structures of individual RC-LH1 core complexes are also indicated. Details of the published structural
information for 2021-2023 (indicated by *) are listed on the right side. The number of publications in 2023 was
calculated only to the end of May 2023 when the manuscript was prepared, thereby being indicated by a dashed line.
The publications for these reported RC-LH1 structures involve [12-27,30,37,38,47,52,57,58,64-67]. Abbreviations:
Alc., Allochromatium; Blc., Blastochloris; G., Gemmatimonas; Rba., Rhodobacter; Rca., Rhodobaca; Rpi., Rhodopila;
Rps., Rhodopseudomonas; Rsp., Rhodospirillum; Tch., Thermochromatium; Trv., Thiorhodovibrio.

pair of BChl molecules, known as the ‘special pair’ BChls, are positioned closely together,
playing a crucial role in initiating the photosynthesis process. The active Branch A consists of
an accessory BChl, BPhea, and a quinone Qa. The inactive Branch B is usually equivalent to
the A branch, consisting of a BChlg, a BPheg, a Qg and an additional carotenoid pigment, but
the energy levels between BPheg and Qg are greater than those of BPhea and Qa, thereby facil-
itating the transfer of two subsequent electrons to Qg [29]. Unlike the conserved Branch A pig-
ments, the Branch B pigments vary (Table 1). For example, in RC-LH1 of Rhodobacter (Rba.)
veldkampii [15] and Rhodobaca (Rca.) bogoriensis [30], an additional BPhe was identified in
Branch B. In the RC-LH1 of Roseiflexus (Rfl.) castenholzii, a green non-sulfur bacterium of the
phylum Chloroflexi [21], the accessory BChl is swapped for a BPhe. The nature of primary qui-
nones Qp and Qg also differs among species. Qa has been found to either be a ubiquinone
(UQ) [14-20], a menaquinone (MQ) [21-24] or, in the case of Rhodospirillum (Rsp.) rubrum
[26,27], a rhodoquinone made from a pre-existing ubiquinone [31,32]. The RC of Rfl. castenholzii,
which belongs to a phylum that diverged from other anoxygenic photosynthetic bacteria at an
early stage in their evolution [33,34], contains MQ in both Q4 and Qg sites [21], instead of a UQ
in the Qg site found in purple bacteria. Additionally, the carotenoid pigment in Branch B differs de-
pending on species and growth conditions [35,36].

The RC-H subunit is anchored into the photosynthetic membrane with a single transmembrane
helix, and a globular domain is attached to the cytoplasmic side of RC-M and RC-L
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Figure 1. Overview of the structures of photosynthetic reaction center-light harvesting 1 (RC-LH1) core
complexes in various phototrophic bacterial species. Studies on the RC-LH1 complexes shed light on their
structural diversity and modularity. The RC-LH1 core complexes can be classified into two groups based on whether the
LH1 ring is closed (orange) or has an opening mediated by additional polypeptides (blue). They can be also categorized
into monomers that contain one RC with its LH1 ring and dimer with two RCs joined by a ribbon of LH1. It appears that
monomeric RC-LH1 core complexes are more common in nature than dimeric RC-LH1. See also Table 1. The color
scheme is presented at the bottom. Abbreviation: PDB, Protein Data Bank.

[14-20,22-24,26,27,37,38] (Figure 2B). While the RC could be still functional without the RC-H
subunit [39,40], RC-H shields the quinone sites from the ions in the cytoplasm, suggesting its
role in providing specific proton channels for Qg protonation [41,42]. In contrast to the RCs of pur-
ple photosynthetic bacteria, the RC of Rfl. castenholzii lacks the RC-H subunit [21] (Figure 2B),
and the puhA gene encoding RC-H subunit was missing in Gemmatimonas phototrophica [38],
a phototrophic representative of the bacterial phylum Gemmatimonadetes. Instead, the RC of
G. phototrophica contains two H subunits: a smaller transmembrane polypeptide Ht and a
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Table 1. Structural and compositional comparison of the reported RC-LLH1 core complexes from anoxygenic phototrophs®®

Species

Ble. viridlis

Tch. tepidum

Alc. tepidum

Trv. strain
970

Rsp. rubrum

Rpi.
globiformis

Rps. palustris

Rba.
veldkampii

Rba.
capsulatus

Rba.
Sphaeroides
2.41

Rba.
Sphaeroides
2.4.1 putX

Rba.
Ssphaeroides
2.41 pufy

Rba.

RC-LH1
structure

Monomer

Monomer

Monomer

Monomer

Monomer

Monomer

Monomer

Monomer

Monomer

Monomer

Monomer

Dimer

Monomer

Monomer

Dimer

Monomer

PDB
D
(Refs)

6ET5
23]

5Y5S
[22]

7VRJ
(53]

7C9R
[37]

7EQD
[26]

70Y8
[27]

TXXF
(24]

6Z5R
[14]

6758
[14]

7DDQ
[19]

8864
[25]

TVNY
[20]

7VOR
20]
7vOT
[20]

7VOY
[20]

7VNM
[20]

7VA9
[20]
7VB9
2]

7FOL

Resolution

A

2.87

1.90
2.81
2.82

2.76

25

2.24
2.80
2.65
2.84
2.59
2.79

2.74
2.90
4.20
2.86
3.08

3.45

2.94

RC
Subunits

HM,L,C

HM,L,C

HM,L,C

HM,L,C

HM,L

HM,L,C

HM,L

HM,L

HM,L

H,M,L

HM,L

Uncertain

HM,L

HM,L

HM,L

Pigments

4 BChl b, 2 BPhe b, 1
1,2-dihydroneurosporene

4 BChl g, 2 BPhe g, 1
spirilloxanthin

4 BChla, 2 BPhe a, 1
15-cis-spirilloxanthin
4 BChla, 2 BPhe g, 1
3,4,3',4’-tetrahydrospirilloxanthin

4 trans-geranyl BChl a, 2
(trans-geranyl) BPhe a, 1
15-cis-spirilloxanthin

4 BChl a, 2 BPhe a, 1 cis-
keto-carotenoid

4 BChla, 2 BPhea, 1
cis-rhodopin

4 BChla, 3BPhe a, 1
cis-spheroidene

4 BChla, 2 BPhea, 1
cis-spheroidene

4 BChla, 2 BPhe a, 1
cis-spheroidene

4 BChla, 2 BPhea, 1
cis-spheroidene

4 BChla, 2 BPhea, 1
cis-spheroidene

4 BChl g, 2 BPhe g, 1
cis-spheroidene

4 BChl a, 2 BPhe a, 1

LH1

Ring
shape

Closed

Closed

Closed

Closed

Closed

Closed

Closed

Open

Open

Open

Open

Open

Closed

Open

Open

Open

Subunits

aByz

aBie

aBie

aBie

aBie

aBie

aBie

aB1a

aBys

aBis

aB1a

2X P14

aBiz

B34

2x P14
aBia+
aBro

aB1a

Pigments per LH-a3

2 BChl b, 1
all-trans-1,2-dihydroneurosporene
or dihydrolycopene

2 BChl a, 1 spirilloxanthin

2 BChl a, 1 all-trans spirilloxanthin
2 BChla, 1
3,4,3",4’-tetrahydrospirilloxanthin

2 trans-geranyl BChl a, 1
all-trans-spirilloxanthin

2 BChl a, 1 trans-keto-carotenoid

2 BChl a, 1 spirilloxanthin

2 BChl a, 1 spheroidene

2 BChl a, 2 spheroidene

2 BChl a, 2 spheroidene

2 BChl a, 2 spheroidene

2 BChl a, 2 spheroidene

2 BChl a, 2 spheroidene

2 BChl a, 2 spheroidene

Additional
subunits

16y

11 y-like

PufX
PufX
PufX,

PufY

2 PufX, 2
PufY

uncertain

PufX

2 PufX

PufX,

Quinone
(Qa, Qg)

MQ-9,
uQ-9

MQ-8,
uQ-8

MQ-8,
uQ-8

MQ-8,
uQ-8

RQ-10,
uQ-10

uQ-10,
uQ-10

MQ-9,
uQ-10

uQ-10,
uQ-10

uQ-10,
uQ-10

uQ-10,
uQ-10

uQ-10,
uQ-10

uQ-10,
uQ-10

uQ-10,
uQ-10

UQ-10,
uQ-10

uQ-10,

e
O
®
Y
®
)
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yA

sphaeroides
IL106

Rba.
sphaeroides
IL106 pufy

Rba.
Sphaeroides
R53L

Rba.
Ssphaeroides
DBCQG

Rea.
bogoriensis

RA.
castenholzi

G.
phototrophica

Dimer

Monomer

Monomer

Dimer

Dimer

Monomer

Monomer

[16]

VY2
(171

7VY3
(17

7PIL
[19]

7PQD
[18]

—[30]

5YQ7
(1]

700U
[38]
700V
[38]
700W
[38]
700X
(38]

2.75

2.63

2.50

2.90

2.9

4.10

2.35
2.50
2.47
2.44

HM,L

HM,L

HM,L

HM,L

cis-spheroidene

4 BChla, 2 BPhea, 1
cis-spheroidene

4 BChl a, 2 BPhe a, 1
cis-spheroidene

4 BChla, 2 BPhe a, 1
cis-spheroidene

4 BChla, 2 BPhea, 1
3,4-dihydrospheroidene

4 BChla, 3BPhe a, 1
spheroidenone

3 BChl a, 3BPhe a

4 BChl a, 2 BPhe a, 1
15-cis-spirilloxanthin

Open

Open

Open

Open

Open

Open

Closed,
double
ring

2X 014

aB10-11

aBia

2X 14

2x aB1s,

aBis

aBie
(inner)
P24
(outer)

2 BChl a, 2 spheroidene

2 BChl a, 2 spheroidene

2 BChl a, 2 spheroidene

2BChla, 2
3,4-dihydrospheroidene

2 BChl a, 2 spheroidenone

2 BChla (B880), 1 BChla (B800), 1
keto-y-carotene

Inner: 2 BChl a, 1 gemmatoxanthin
Outer: 3 BChl a, 1
gemmatoxanthin

PufY

2 PufX, 2
PufY

PufX

PufX,
Pufy

2 PufX, 2
PufY, 4
Protein-Z

2 PufX, 2
protein Y

Subunit X,
Y

RC-S,
RC-U

uQ-10

uQ-10,
uQ-10

uQ-10,
uQ-10

uQ-10,
uQ-10

uQ-10,
uQ-10

uQ-10,
uQ-10

MQ-11,
MQ-11

-, MQ-8

2Some cofactors were tentatively assigned based on the current resolutions. Rfl. castenholzii is Gram-negative and is classified as a green non-sulfur bacterium of the bacterial phylum Chloroflexi; G.
phototrophica is, so far, the only phototrophic species of the bacterial phylum Gemmatimonadetes. PufY was also named protein Y or protein U.

® Abbreviations: MQ, menaquinone; RQ, rhodoquinone; UQ, ubiquinone.
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Figure 2. Reaction center (RC) structure and function. (&) Charge separation and electron transfer through the RC. The RC-L
and -M subunits of purple bacteria act as a scaffold to arrange four bacteriochlorophylls (BChls) (SPa, SPg, BChls, BChlg), two
bacteriopheophytins (BPhes) (BPhea, BPheg), two ubiquinones (Qa, Qg), one carotenoid, and one non-heme iron. The cofactors
form two separate membrane-spanning branches, A and B, with a pseudo twofold symmetry (broken line). Charge separation
and electron transfer occur through Branch A (or active). In addition to the cofactors in Branch A, Branch B (also ‘inactive’)
contains an extra photoprotective carotenoid. The transfer of excitation energy to the RC induces the separation and stabilization
of charge across the photosynthetic membrane. The special pair (SP) of BChls acts as the primary electron donor and is excited
to P880%; this excited state then transfers an electron to BChia and BPhea, and subsequently to Qa. Qg accepts the electron from
Qa. At this point, an electron has been transferred across the membrane and the primary reactants are ready for the next electron
transfer. Once quinone receives two electrons, it binds two protons from the cytoplasm and escapes from the RC to neighboring
Cyt bey. A Gyt ¢, or a Cyt C subunit reduces oxidized SP by transferring electrons back to the SP from Cyt be. The cofactors are
shown as sticks, with Mg®* and Fe?* ions shown as spheres. Arrows indicate the routes of light-driven electron transfer, and
dashed arrows show quinone/quinol association/disassociation and delivery of electrons to P880* by Cyt ¢3*. The figure was
constructed using Protein Data Bank (PDB) 7VOR. (B) Variability of the RC protein composition and structure. In many
phototrophic bacteria, for example Rhodobacter sphaeroides (PDB 7VOR), the RC is formed by only three core subunits: RC-L
(Light, PufL), RC-M (Medium, PufM), and RC-H (Heavy, PuhA) (left). In these species, the soluble electron carrier Cyt ¢, docks
directly to the RC periplasmic surface through electrostatic interactions for electron transfer to the SP of BChls within the RC. By
contrast, the RC in some species, such as Blastochloris viridis (PDB 6ET5), contains a nonmembranous heme-containing
cytochrome subunit (Cyt C or PufC) that noncovalently links to the RC-L and RC-M subunits (middle). The association of Cyt C
facilitates the transfer of electrons from Cyt ¢, electron carriers to the RC. The RC-M and RC-L subunits are highly conserved
among all species of purple bacteria and are present in all the RC structures determined. The RC-H subunit binds to the
cytoplasmic face of RC-L and RC-M subunits. The RC of the green non-sulfur bacterium Roseiflexus castenholzii (PDB 5YQ7) is
composed of Cyt C, RC-L, and RC-M, without RC-H (right). The RC-H subunit of Gemmatimonas phototrophica (PDB 7Q0U) is
fragmented into two domains: Ht as a smaller transmembrane polypeptide and Hc as a larger polypeptide located on the
cytoplasmic side of RC-LH.

cytoplasmic subunit Hc on top of the quinone sites. In addition, a unique short a-helix of RC-H
above the Q, site was identified in Rhodobacter Rba. capsulatus [25], which differs from the
less-defined secondary structures in the same region resolved in other purple bacteria species.
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The structural rigidity of this additional a-helix of RC-H might play a role in further insulating the Qa
site from the cytoplasm.

The released electron is replenished within the RC by a soluble protein electron carrier, which is
commonly Gyt ¢, [43]. There are also other types of small Cyt molecules identified in certain spe-
cies, such as Cyt cg [44], Cyt ¢, [45], Cyt Com [46], or a high-potential iron—sulfur protein (HIPIP)
[47]. Many RCs — such as those in Rba. sphaeroides [16-20], Rba. veldkampii [15], Rba.
capsulatus [25], Rhodopseudomonas (Rps.) palustris [14], and Rsp. rubrum [26,27] — bind the
protein electron carrier directly onto the periplasmic surface of RC-M and RC-L subunits [48].
By contrast, some other RCs have an additional nonmembranous heme-containing protein,
namely Cyt C, which is noncovalently attached to the RC-M and RC-L subunits on their periplas-
mic sides (Figure 2B). By ‘pulling out’ the Cyt C subunit from the photosynthetic membrane,
atomic force microscopy (AFM)-based single-molecule force spectroscopy revealed the step-
wise unfolding process of Cyt C from the Blc. viridis RC—-LH1 complex [49]. The Cyt C subunit typ-
ically coordinates four heme groups [21-24,37,38] and transfers electrons from Cyt ¢, to the
special pair of BChls, improving electron transport and complex thermostability [50,51]. It was re-
vealed that the electron carrier HiPIP binds to the Cyt C of the thermophilic purple sulfur bacterium
Thermochromatium (Tch.) tepidum (y-Proteobacteria) near its 1st heme group via hydrophobic
interactions [52]. In some species, the N-terminal transmembrane domain of the Cyt C subunit
is post-translationally truncated at a cysteine residue [22,23,37,583], and the anchoring of Cyt C
to the membrane is mediated by a lipid, which occupies less space between the RC and LH1
ring compared to a transmembrane helix. By contrast, the Cyt C subunits of Rfl. castenholzii
[21] and the acidophilic Rhodopila (Rpi.) globiformis [24] lack the cysteine residue and their N-
terminal transmembrane helices are inserted into the membrane. This form has been proposed
to be more ancient than the lipid-anchored form.

LH1 structure and cofactors

The LH1 complex is composed of a ring of LH1 heterodimers formed by transmembrane a-
and [3-polypeptides with their associated pigments: BChls and carotenoids. The a- and {3-
polypeptides are generally 40-70 amino acids long, comprising a hydrophobic transmembrane
domain and the polar C- and N-terminal domains extending out on either side of the photosyn-
thetic membrane. BChls are coordinated through their central Mg®* atoms by conserved histi-
dine residues in the transmembrane region of LH1. The distance between neighboring LH1
subunits appears consistent among species, enabling efficient excitation energy transfer
along the LH1 ring [15,23]. The high absorption cross-section and long excited-state lifetime
of LH1 make it an efficient antenna complex for light harvesting and transferring the excitation
energy to the RC. LH1 could also protect the RC complex from photodamage by quenching
the excess energy and preventing the formation of harmful reactive oxygen species (ROS)
[35,36,54].

A striking feature of the natural RC-LH1 structures is the diversity in the shape of LH1 and the
number of LH1 subunits. Many RC-LH1 complexes occur as slightly elliptical monomers,
with a closed LH1 ring comprising 16 or 17 af3-heterodimers surrounding the RC
[14,22,26,27,37,55], or an open LH1 ring consisting of 14 or 15 af-polypeptides along with ad-
ditional transmembrane polypeptides [14,15,20,21,56]. Dimeric RC-LH1 structures are found in
a few purple bacterial species, with an S-shaped LH1 array composed of 28 LH1 af3-
heterodimers surrounding two RCs [17,18,20,30,57]. The RC-LH complex of G. phototrophica
uniquely consists of two concentric LH rings encircling the central RC, including an inner ring of
16 LH1 subunits and an outer ring of 24 LH (named LHh) subunits [38]. This complex is the largest
photosynthetic RC-LH1 core complex characterized to date.
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Two types of BChls, BChl a and BChl b, are present in purple photosynthetic bacteria and the
reported RC-LH1 structures (Table 1). BChl a is the most prevalent one and absorbs light at
wavelengths between 800 and 970 nm (Q, band; Q, refers to ‘quantum yield’). Some species,
like Blc. viridis, use BChl b to absorb light with even longer wavelengths ranging between 960
and 1050 nm. The incorporation of BChls a and b in purple photosynthetic bacteria and certain
anoxygenic phototrophs enables them to harness near-infrared light that is not accessible to
plants or cyanobacteria. In purple bacteria, each LH1 af3-subunit typically contains two BChl
pigments (Figure 3A). However, the LH1 subunit of the green nonsulfur bacterium Rfl.
castenholzii and the LH subunit in the outer LHh ring from G. phototrophica were found to co-
ordinate three BChl pigments [21,38], in contrast to the typical two in other species. Caroten-
oids also play a crucial role in coordinating with the BChls in RC-LH1, facilitating light energy
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Figure 3. Variability of the light harvesting 1 (LH1) organization and quinone transport pathways. (A) Diversity of
the LH1 af3-heterodimer pigment arrangement in different representative species. Each LH1 af3-heterodimer accommodates
two bacteriochlorophyll (BChl) a (B880) and one Car in Rhodobacter veldkampii, two BChl a (B880) and two Car in
Rhodobacter sphaeroides, two BChl a (B880), one BChl a (B800) and one Car in Roseiflexus castenholzii, two BChl b
(B1008) and one Car in Blastochloris viridis. See also Table 1. (B) The organizational variation of LH1 rings, providing
specific channels for quinone/quinol transport in and out of the RC-LH1 core complexes. Quinone can travel through the
space between LH1 subunits in the closed LH1 ring (orange arrows). For open LH1 rings, quinone can pass the LH1
barrier through the gap mediated by additional polypeptides (brown arrows), in addition to the potential holes between
LH1 subunits (orange arrows). The additional polypeptides were identified as protein-W in Rhodopseudomonas palustris,
subunit-X and RC Cyt C transmembrane polypeptides in Roseiflexus castenholzii, PufX in Rhodobacter veldkampii and
Rhodobacter capsulatus, as well as PufX and PufY in Rhodobacter sphaeroides. In certain species, for example
R. sphaeroides, two RC-LH1 monomers form a dimer having an S-shaped LH1 ring with two large gaps for quinone/
quinol traffic. The dimerization of reaction center (RC)-LH1 is mediated by the specific orientation and coupling of two
PufX polypeptides (box). (C) A hole identified between two adjacent LH1 af-heterodimer of Rhodobacter veldkampii,
where a quinone tail was particularly observed. This hole represents the potential channel in both closed and open LH1
rings to enable passage of quinone/quinol molecules.
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capture and transfer and providing photoprotection. The number of carotenoids per LH1 het-
erodimer varies across different species and even within the same genus. For instance, each
LH1 ap-subunit of Rba. sphaeroides [20], Rba. capsulatus [25], and Rca. bogoriensis [30]
noncovalently binds two carotenoid pigments instead of one, which is typical in other species
(Figure 3A and Table 1). The diversity in the content of BChls and carotenoids in the LH1 ring
may have implications for quinone/quinol transport, a topic further discussed in the subse-
quent text.

In addition to variations in pigment composition and content, some RC-LH1 complexes exhibit
unique biochemical features. For example, the RC-LH1 complexes of the thermophilic purple sul-
fur bacterium Tch. tepidum, Allochromatium (Alc.) tepidum, and the mesophilic purple sulfur bac-
terium Thiorhodovibrio (Trv.) strain 970 (y-Proteobacteria) incorporate Ca* ions in the C-
terminal-loop region of LH1 [22,37,52,53,58]; this Ca®* ion is bound by a pair of af-
polypeptides and two water molecules, resulting in an unusual red-shifted Q, absorption at
915 nm and enhanced thermostability of LH1. This biochemical feature may contribute to the fit-
ness of these bacteria in their specific ecological niches [59,60].

Quinone/quinol transport in RC-LH1

While the LH1 ring facilitates excitation energy migration to the central RC, the high pigment den-
sity within the LH1 creates a physical barrier that may impede the rapid traffic of quinones be-
tween the RC and Cyt bc4. Therefore, a channel or a gap in the LH1 ring is crucial for the
functionality of the core complex. Recent structural studies have identified small hydrophobic
channels between neighboring LH1 ap-polypeptides in RC—-LH1 structures, both with closed
and open LH1 rings [14,15,22,26,27,58]. These channels are thought to act as the portals for
quinone/quinol transport into and out of the core complex (Figure 3B,C). In addition, in RC—
LH1 complexes with an opening in the LH1 ring, one or more LH1 subunits and their pigments
are often sacrificed in the vicinity of the RC; instead, additional polypeptides are incorporated at
the same position to maintain the LH1 ring shape and structural integrity necessary for the open-
ing (Figure 3B). These openings are consistently located in the same place, adjacent to the Qg
site, in distinct RC-LH1 complexes, indicating their crucial roles in facilitating quinone traffic
across the LH1 ring as an intriguing illustration of convergent evolution.

In most Rhodobacter species, the RC-LH1 core complexes contain an additional transmem-
brane polypeptide PufX, which mediates the opening of LH1 and dimerization of RC-LH1
(Figure 3B). The first high-resolution structure of PufX was obtained through cryo-EM analysis
of Rba. veldkampii RC-LH1 at 2.8 A resolution [15]. Recent studies have further elucidated the
structural characteristics of PufX in the RC-LH1 complexes from other Rhodobacter species, in-
cluding Rba. capsulatus [56] and Rba. sphaeroides [16-20]. The PufX peptide, which is approx-
imately 80 amino acids long, consists of a short N-terminal tail, a C-terminal loop, and a central
transmembrane helix that is positioned diagonally to the membrane plane. The C-terminal loop
of PufX is exposed on the periplasmic side of RC-LH1 and connects to the RC-L subunit; the
N-terminal tail of PufX is exposed on the cytoplasmic side of RC-LH1 and is close to the first
LH1 subunit next to the opening. It was proposed that the association of PufX with the RC pre-
cedes the encirclement of the RC by LH1 [20]. Although the number of LH1 subunits in RC—
LH1 varies depending on the species (e.g., 15 LH1 subunits per RC-LH1 in Rba. veldkampii
and Rba. capsulatus, 14 or 28 LH1 subunits in Rba. sphaeroides RC-LH1 monomer or dimer,
respectively), the specific organization of PufX with the RC-LH1 complex impedes the formation
of a fully encircled LH1 ring and leads to the generation of a large gap in the LH1 ring. This gap
serves as a unique portal for efficient quinone/quinol transport in and out of the core complex,
which is confirmed by computational simulations [15,20].
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Unlike the Rba. veldkampii counterpart with two BChls and one carotenoid, each LH1 subunit of
Rba. sphaeroides and Rba. capsulatus contains two BChls plus two carotenoids, resulting in a
more intense pigment array that could impede quinone/quinol passage through the small chan-
nels between adjacent LH1 subunits, necessitating the existence of this PufX-mediated gap for
rapid quinone/quinol traffic. Consistently, when PufX is deleted from Rba. sphaeroides, the com-
plex assembles with a fully closed ring of 17 LH1 around an inconsistently positioned RC, result-
ing in a loss of efficient photosynthesis [20].

In addition to PufX, another additional polypeptide, namely PufY (also called protein-Y or protein-
U), has been recently identified in the RC—-LH1 monomer and dimer of Rba. sphaeroides [16-20].
The name ‘PufY’ was given in order to be consistent with the nomenclature used for other RC—
LH1 components, such as PufX, PufL/M, for RC-L/M, and PufA/B for LH1 o/f3, which are
encoded by genes in the puf operon, although the gene encoding PufY (RSP_7571) is far from
the puf operon [20]. Deletion of PufY destabilized the neighboring LH1 subunits located next to
the opening [17,20], which may affect the rates of quinone transport.

The native photosynthetic membranes of Rps. palustris contain RC—-LH1 monomers with either a
closed 16-subunit LH1 ring (RC-LH146, 90% of total RC-LH1) or an open LH1 ring with an ad-
ditional polypeptide Protein-W (RC-LH14,-W, 10% of total RC-LH1) [13,14,55]. Protein-W fea-
tures three transmembrane helices and replaces an LH1 subunit, creating a gap in the LH1 ring.
Biochemical assays have shown that RC-LH14-W has a greater Cyt ¢, oxidation rate than RC-
LH146, suggesting the role of Protein-W-mediated LH1 opening in facilitating quinone/quinol dif-
fusion.

The LH1 ring of Blc. viridis RC-LH1 is composed of 17 LH1 ap-heterodimers, each of which
binds two BChls and one carotenoid, as well as 16 y-polypeptides that occupy the space be-
tween neighboring (3-chains on the outer side of the LH1 ring [23]. The presence of y-
polypeptides may enhance the rigidity of the LH1 ring and generate a unique microenvironment
for the redshift of BChl b, whereas the absence of a y-polypeptide between two LH1 heterodi-
mers creates space for the passage of quinone/quinol molecules.

In contrast, the RC-LH1 complex of the acidophile Rpi. globiformis features a closed LH1 ring
composed of 16 af3-heterodimers and 11 additional y-like polypeptides located between [3-
polypeptides outside the LH1 ring [24]. It is noteworthy that the gene encoding the y-like polypep-
tide and the gene encoding the y-polypeptide in Blc. viridis exhibit low sequence similarity and are
located in distinct genomic positions. The asymmetric numbers of af3- and y-like polypeptides in
Rpi. globiformis provide several pores in the LH1 ring, which might be highly flexible and facilitate
quinone transport.

The LH1 ring of Rfl. castenholzii is comprised of 15 af3-heterodimers and a gap formed by the
transmembrane helix of Cyt C and another transmembrane helix, subunit X [21]. As each LH1
subunit of Rfl. castenholzii coordinates three BChls and one carotenoid, which forms a compact
pigment barrier surrounding the RC, this opening appears to be essential for effective quinone/
quinol transport.

Dimerization of RC-LH1

Although monomeric RC-LH1 core complexes are common in many phototrophic bacteria,
some Rhodobacter species and an alkaliphilic purple bacterium, Rca. bogoriensis, have been
found to contain dimeric RC-LH1 complexes [17,18,20,30,57,61]. The RC-LH1 dimer consists
of a continuous S-shaped array of LH1 af3-subunits surrounding two RCs, and two copies of
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PufX are located in the center, mediating the dimerization of two C-shaped monomers. However,
in the Rhodobacter species, like Rba. veldkampii and Rba. capsulatus, the PufX-containing RC—
LH1 complexes appear purely as monomers [15,25], raising the question of how PufX has diver-
sified among extant lineages to result in distinct RC-LHC configurations.

In native RC-LH1 monomers of Rba. sphaeroides, Rba. veldkampii, and Rba. capsulatus, the
PufX transmembrane polypeptide enhances the association between the RC and LH1, and pre-
vents complete encirclement of LH1, resulting in an open LH1 ring. Deletion of PufX in Rba.
sphaeroides resulted in exclusive formation of monomeric RC-LH1 with a closed LH1 ring, caus-
ing the loss of capability to perform photoheterotrophic growth [20]. This signifies the role of PufX
in mediating a gap in the LH1 ring and the dimerization of RC-LH1 in Rba. sphaeroides. The two
PufX polypeptides at the dimerization interface have a crossing angle of approximately 73° (Figure
3B), but intriguingly, no strong interaction was identified at the PufX—PufX interface. It was pro-
posed that the interactions could be mediated by unobservable water molecules [20] or the
two PufX polypeptides are close enough to form a hydrophobic surface [17]. Instead, it is evident
that PufX interacts with its neighboring RC-LH1 monomer, stabilizing the dimeric structure. The
N-terminal region of PufX forms hydrogen bonds with the RC-H subunit and interacts with LH1
subunits of the neighboring monomer [20], explaining why deletion of PufX N terminus impeded
the dimerization [62,63]. The C-terminal region of PufX binds with the RC within the monomer,
which is thought to be important for the PufX incorporation and Cyt ¢, navigation [15,20,30],
and also interacts with LH1 of the neighboring monomer [20].

Concluding remarks

The advancement of structural biology techniques has revolutionized the studies of photosyn-
thetic supercomplex structures by providing molecular-level details that aid in uncovering the mo-
lecular mechanisms of photosynthesis. Recent studies on the three-dimensional architecture of
RC-LH1 core complexes from various microbial phototrophs have provided valuable insights
into their structural diversity, modularity, and pigment organization. Advanced knowledge is crit-
ical for understanding the assembly principles and functionality of RC-LH1 supercomplexes, as
well as their evolutionary relationships and adaptive roles in prokaryotic photosynthesis and fit-
ness to thrive in a challenging environment. An in-depth comprehension of the molecular mech-
anisms underlying the assembly and functional regulation of photosynthetic pigment-protein
complexes can be leveraged to design and engineer efficient, robust artificial photosynthetic sys-
tems. These systems can mimic or surpass natural structures in performance, meeting the de-
mands of sustainable development. Future research should focus on elucidating how distinct
RC-LLH1 components self-assemble to form a specific architecture and eventually a functional
photosynthetic complex, how pigments and cofactors are organized spatially and functionally co-
ordinate with others, how rapid quinone/quinol exchange occurs in and out of the RC-LH1, and
how RC-LH1 complexes are arranged physiologically together with other complexes in the pho-
tosynthetic membrane to ensure efficient electron transfer (see Outstanding questions). To ad-
dress these questions, researchers can integrate a combination of techniques, including cryo-
EM, time-resolved X-ray crystallography, AFM, spectroscopy, genetic engineering, computa-
tional simulations, and quantum calculations to conduct systematic studies on the structure,
function, and regulation of RC-LH1 core complexes.
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Outstanding questions

What mechanisms determine the
structural variation and modularity of
RC-LH1 complexes across species
of different genera or phyla and varying
environments?

What are the assembly processes of
distinct RC-LH1 structures, and what
regulatory factors are involved?

How to achieve higher resolution to
determine the types and content of
cofactors for a better understanding
of their functionalities in the RC-LH1
core complex?

What are the energy transport and
quinone/quinol transport mechanisms
in RC-LH1 and the photosynthetic
unit in its native membrane context?

How do RC-LLH1 complexes interact
with other photosynthetic complexes
in the electron transport chain
(e.g., LH2, Cyt bc4, ATPase) to ensure
efficient energy transfer and electron
flow in the photosynthetic machinery?
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