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SUMMARY
In purple photosynthetic bacteria, the photochemical reaction center (RC) and light-harvesting complex 1
(LH1) assemble to form monomeric or dimeric RC-LH1 membrane complexes, essential for bacterial photo-
synthesis. Here, we report a 2.59-Å resolution cryoelectron microscopy (cryo-EM) structure of the RC-LH1
supercomplex from Rhodobacter capsulatus. We show that Rba. capsulatus RC-LH1 complexes are exclu-
sively monomers in which the RC is surrounded by a 15-subunit LH1 ring. Incorporation of a transmembrane
polypeptide PufX leads to a large opening within the LH1 ring. Each LH1 subunit associates two carotenoids
and two bacteriochlorophylls, which is similar toRba. sphaeroidesRC-LH1 butmore than one carotenoid per
LH1 in Rba. veldkampii RC-LH1monomer. Collectively, the unique Rba. capsulatusRC-LH1-PufX represents
an intermediate structure betweenRba. sphaeroides andRba. veldkampiiRC-LH1-PufX. Comparison of PufX
from the three Rhodobacter species indicates the important residues involved in dimerization of RC-LH1.
INTRODUCTION

Photosynthetic reaction centers (RCs) are integral membrane

pigment-protein complexes, which catalyze light-driven electron

transport and energy conversion. In purple phototrophic bacte-

ria, the RC and light-harvesting complex 1 (LH1) form an RC-

LH1 core supercomplex, essential for the primary reactions of

photosynthesis.1–3 The RC-LH1 core complexes collect photons

directly from sunlight or the peripheral antenna, LH2, and

then perform charge separation to generate electrons, reduce

quinone to quinol, and oxidize C-type cytochrome (Cyt)

proteins.4,5 The RC-LH1 architecture ensures the shuttling of

electrons between the RC and the Cyt bc1 complex. This cyclic

electron flow results in an electrochemical gradient across the

photosynthetic membrane, generating a proton motive force

(pmf) to ultimately power ATP production.5,6

Although the RC-LH1 core complexes fulfill the same function

in different phototrophic prokaryotes, their native architectures

exhibit large variations.7 Some species adopt a monomeric

RC-LH1 structure in which the central RC is encircled by a

closed near-circular array of 16 LH1 ab-heterodimers8–13 or dou-

ble LH1 rings (16 LH1 subunits in the inner ring and 24 LH1

subunits in the outer ring).14 In contrast, some species develop

an open LH1 array with a gap or gaps to form the RC-LH1mono-
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mer or dimer.11,15–23 All members of the genus Rhodobacter

incorporate a transmembrane polypeptide PufX in their RC-

LH1 complexes, resulting in an open LH1 architecture. Recent

cryoelectron microscopy (cryo-EM) studies have deciphered

the structural details of the RC-LH1-PufX dimer structure ofRho-

dobacter (Rba.) sphaeroides18,24,25 and the RC-LH1-PufXmono-

mer structure of Rba. veldkampii.19 Despite these structural an-

alyses and previous studies,22,26–28 the mechanism underlying

the RC-LH1 dimerizationmediated by PufX remains still obscure.

Rba. capsulatus has been widely used as a model organism to

study bacterial photosynthesis and develop biotechnological

applications.29–31 To date, there is no structure reported for the

Rba. capsulatus RC-LH1 core complex. Here, we report the

cryo-EM structure of the monomeric RC-LH1 supercomplex

from Rba. capsulatus at 2.59-Å resolution. The structure shows

that the Rba. capsulatus RC-LH1 complex forms exclusively a

monomer in which the RC is surrounded by 15 LH1 subunits;

incorporation of PufX features a large PufX-mediated gap within

the LH1 ring, which may function as a dedicated quinone chan-

nel. Each LH1 subunit contains two bacteriochlorophylls (BChls)

and two carotenoids, forming an intense pigment network. The

unique architecture ensures efficient light harvesting and photo-

protection as well as quinone/quinol exchange predominantly

through the PufX-mediated gap within LH1. Our study provides
, March 2, 2023 ª 2023 The Author(s). Published by Elsevier Ltd. 1
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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insights into the general assembly principles, structural flexi-

bility, and diversity of PufX-containing photosynthetic RC-LH1

core complex structures from distinct Rhodobacter species.

RESULTS AND DISCUSSION

Overall RC-LH1 architecture
The photosynthetic RC-LH1 core complexes are located in the

vesicular intracytoplasmic membranes (namely chromato-

phores) in Rba. capsulatus cells, which have an average

diameter of 57 ± 11 nm (n = 100) (Figure S1A), which is in good

agreement with previous studies32 and is comparable to those

in Rba. sphaeroides (50–60 nm)33–37 and Rba. veldkampii

(�50 nm).38 Following the same isolation procedure that was

applied in obtaining native RC-LH1 monomers from Rba. veld-

kampii38 and both RC-LH1 monomers and dimers from Rba.

sphaeroides,18 we purified the native RC-LH1 core complex

from photoheterotrophically grown wild-type (WT) Rba. capsula-

tus cells, and they form exclusively monomers (Figures S1B,

S2A, and S2B), consistent with previous findings.22 This indi-

cates that dimerization of RC-LH1 is not essential for the curva-

ture of chromatophore membranes, corroborating the finding in

Rba. veldkampii.38

The isolated RC-LH1 complexes were subjected to cryo-EM

single-particle analysis (Figure S2). From a total of 935,709

particles, 181,054 particles that could be categorized into well-

defined classes were used for final 3D reconstruction. Cryo-

EM analysis determined the structure of the Rba. capsulatus

RC-LH1 core complex at 2.59-Å resolution (Figure S2;

Table S1). An atomic model was built based on the experimen-

tally obtained map (Figures 1, S3, and S4).

The Rba. capsulatus RC-LH1 core complex is made of a

central three-subunit RC (RC-L, RC-M, RC-H) surrounded by

an open, near-circular ring of 15 LH1 ab heterodimers with the

dimensions 1203 1123 75 Å (Figure 1A). The LH1 array is inter-

rupted by a transmembrane PufX polypeptide (Figure 1B), which

is in a position equivalent to that of PufX in Rba. veldkampii19 and

Rba. sphaeroides.18,20,21 The cryo-EM structure reveals that this

RC-LH1-PufX core complex contains 30 BChls a and 28 carot-

enoid pigments in the LH1 ring, consistent with the reported

light-harvesting peptide:carotenoid:BChl a ratio of 1:1:1 in previ-

ous studies.39,40 Each LH1 ab heterodimer contains two BChls a

and two carotenoids (rather than one carotenoid identified in its

counterpart in Rba. veldkampii19). The RC binds four BChls a

(two of whichmake up the special pair), two bacteriopheophytins

(BPheos), two ubiquinones (primary quinone QA and secondary

quinone QB), a non-heme iron, and a carotenoid. Moreover,

two additional quinones were identified in positions near the

QB site equivalent to those in other RC-LH1 complexes (Fig-

ure S3).9,11,19 Seven lipid molecules were identified in the RC-

LH1-PufX complex and were assigned as phosphatidylethanol-

amine (Figure S3) due to its high abundance in Rba. capsulatus

membranes41 and the small size of its head group that overall

fits better with the cryo-EM densities than the other character-

ized abundant lipid phosphatidylglycerol (Figure S4).

The RC structure
The Rba. capsulatus RC is composed of RC-L, RC-M, and RC-H

subunits, which are largely comparable to those of other purple
2 Structure 31, 1–11, March 2, 2023
photosynthetic bacteria reported (Figure S5). The RC-L and

RC-M subunits host and position all cofactors important for

effective charge separation and electron transport. The periplas-

mic sides of RC-L and RC-M provide the site for the soluble elec-

tron carrier Cyt c2 to bind to the RC.19,42 The RC-H subunit is

located at the cytoplasmic side of the core complex, with a single

transmembrane helix anchored into the chromatophore mem-

brane. The RC-H subunit of Rba. capsulatus is largely similar in

sequence and overall structure to previously reported RC-H sub-

units of purple photosynthetic bacteria (Figure S6A). However, a

marked difference is the presence of a short a-helix above theQA

site in Rba. capsulatus RC-H subunit (Figure S6B), and the

sequence region containing the a-helix is highly conserved

among some Rhodobacter species (Figure S6A). However, this

defined secondary structure has not been seen in the same re-

gion of any reported RC-LH1 structures, including the Rba. veld-

kampii and Rba. sphaeroides counterparts. Interestingly, the

RC-H subunit of Gemmatimonas phototrophica is fragmented

into two peptides in this region.14 Although the function of this

helix remains to be determined, its structural rigidity might be

relevant to proton transfer, such as providing enhanced insula-

tion of the QA site from the cytoplasm.
PufX polypeptide
Like all other members of the genus Rhodobacter, Rba. capsula-

tus RC-LH1 features an additional polypeptide PufX. The cryo-

EM structure reveals that PufX interrupts the LH1 ring and medi-

ates the generation of an opening of 30 Å in distance (Figure 1).

This opening prevents the LH1 ring from forming a fully closed ar-

chitecture and presumably provides the structural basis for effi-

cient quinone exchange between the RC and distant Cyt

bc1.
43,44 Consistently, previous studies have shown that the

Rba. capsulatus cells lost their ability to grow photosynthetically

in the absence of PufX under illumination.45 This is likely ascribed

to the fact that higher carotenoid content per LH1 creates more

crowded space between LH1 subunits and provides steric hin-

drance for quinone passage.46

The PufX polypeptide spans the membrane diagonally (Fig-

ure 2A) and forms interactions with the RC and LH1 subunits

mainly through its terminal regions, resembling PufX of Rba.

veldkampii19 and Rba. sphaeroides.18,20,21 These terminal re-

gions do not possess ordered secondary structures and are con-

nected by a transmembrane a-helix thatmakes up themajority of

PufX (Figure 2B). The PufX N-terminal region interacts with

a-Arg14 and a-Arg15 of the LH1-1 subunit through its Asp5

residue (Figure 2C1; Table S2). In addition, Gln25 of PufX also as-

sociates with a-Arg14 of LH1-1. The C-terminal tail of PufX inter-

acts with RC-L: PufX Arg57 and Tyr65 interact with RC-L Asp257

and Ala145, respectively, through hydrogen bonds and salt

bridges established by their side chains; Ala61 and Pro64 form

hydrogen bonds with RC-L Tyr144 and Asn159, respectively,

through their main chain peptide bonds (Figure 2C2; Table S2).

At the C-terminal end of the transmembrane a-helix, PufX

Ser37 interacts with LH1-15a Met53 (Figure 2C3; Table S2).

This interaction may be transient, as the last LH1 subunits

have relatively more flexible arrangements. Overall, these inter-

actions play roles in facilitating the anchoring of PufX and the

association of the LH1 ring to the RC.
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Figure 1. Overall structure of the RC-LH1-PufX complex from Rba. capsulatus

(A) Cryo-EM densitymap shown in three views from left to right: side view, the view from the periplasmic side of themembrane, and the view from the cytoplasmic

side of the membrane. Color scheme is presented at the bottom. Sizes of the complex in x, y, and z directions are noted.

(B) Structural model in orientations respective to (A) and color coded using the same color scheme. The numbers mark each LH1 subunit in the ring.

See also Figures S1–S6 and Table S1.
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Although the sequences of PufX polypeptides among Rhodo-

bacter species are conserved (Figure S7A), in some Rhodo-

bacter species such as Rba. sphaeroides, PufX mediates the

dimerization of RC-LH1 core complexes,22,47 and consequently,

these species contain both dimeric and monomeric RC-LH1-

PufX cores. In contrast, some Rhodobacter species, such as

Rba. capsulatus and Rba. veldkampii, possess exclusively RC-

LH1-PufX monomers. The overall architectures of Rba. capsula-

tus and Rba. veldkampii RC-LH1-PufX monomers are largely

similar, while the notable differences between the two RC-

LH1-PufX monomers and the Rba. sphaeroides RC-LH1-PufX

monomer are the number of LH1 subunits, the size of the LH1

openingmediated by PufX, and the presence of PufY (Figure S7).

Both Rba. veldkampii and Rba. capsulatus RC-LH1-PufX form

rings of 15 LH1 subunits with an opening of 30 Å; the distance

between PufX and the final LH1 subunit at the cytoplasmic

side of the membrane is <4 Å (Figure 2C). The Rba. sphaeroides

RC-LH1-PufX, however, has only 14 LH1 ab heterodimers per

monomer, resulting in a wider opening (46 Å) within the LH1

ring,18 which provides enough space for tight association of

another RC-LH1-PufX monomer to eventually form the

S-shaped dimer. The Rba. sphaeroides RC-LH1-PufX pos-

sesses another transmembrane polypeptide PufY, also termed

protein-Y21,24 or protein-U,20,25 which is located between the

RC and LH1-13 and LH-14 subunits and prevents LH1-13/14
adjacent to the QB site from bending inward toward the RC.18

In the DpufY Rba. sphaeroides RC-LH1-PufX complex, the LH1

opening is still larger than those of Rba. capsulatus and Rba.

veldkampii (Figure S7), and the RC-LH1-PufX dimer can still

form,18 which may suggest that the gap size is important for

the PufX-mediated dimerization of two RC-LH1 monomers. No

PufY homologs were identified inRba. capsulatus andRba. veld-

kampii, consistent with the cryo-EM structures.

To evaluate how PufX mediates the dimerization of RC-LH1

core complexes, we performed a comparison of the N termini

of PufX fromRba. capsulatus,Rba. veldkampii, andRba. sphaer-

oides. Note that the PufX C termini are mainly involved in binding

with RC-L in the monomer and that their structures were not al-

ways fully solved; additionally, we chose the RC-LH1 monomer

within the native dimer from Rba. sphaeroides instead of the

native RC-LH1 monomer for the structural comparison, as their

architectures are largely similar and the reported cryo-EM struc-

tures of the native Rba. sphaeroides RC-LH1 monomer did not

offer a sufficient resolution to model the PufX N-terminal region,

likely due to its more flexible structure without dimeriza-

tion.18,20,21 The analysis reveals that the N-terminal tails

of PufX in native monomeric RC-LH1-PufX fold back toward

the RC to interact with the LH1-1 subunits, whereas that in the

RC-LH1-PufX dimer extends from the RC to associate with the

other monomer (Figure 2D). However, these interacting residues
Structure 31, 1–11, March 2, 2023 3
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Figure 2. Position and interactions of PufX in RC-LH1-PufX complex of Rba. capsulatus

(A) Structure of the complex with helixes shown as cylinders in the side view (left) and periplasmic view (right). Angles that PufX closes with the membrane plane

and with the last LH1 are depicted.

(B) Position of PufX (red) within the complex is shown at the top, and its interacting interfaces are boxed and marked 1–3.

(C) Zoomed-in views of interacting interfacesmarked as 1–3 in (B). All interacting residues are shown in sticks and labeled. All interaction distances are shown in Å.

(D) Comparison of interactions at the N terminus of PufX betweenRba. capsulatus (orange) and its PufX-containing relatives Rba. sphaeroides (blue, PDB: 7VOR)

and Rba. veldkampii (green, PDB: 7DDQ). All amino acids that form interactions with their residues are shown in sticks, and their interacting partners are shown in

gray. All interaction distances are shown in Å.

(E) Sequence alignment of PufX polypeptides from those species of Rhodobacter with known RC-LH1 assembly. PufX in the species that only produce RC-LH1

monomers are outlined in the green box. Interacting residues depicted in (D) are marked on sequence alignment with arrows. Rba. capsulatus, orange; Rba.

sphaeroides, blue; Rba. veldkampii green; first Lys of the transmembrane a-helix, black.

See also Figure S7 and Table S2.
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of PufX do not coincide in either their position or affinity (Fig-

ure 2E). PufX in Rba. sphaeroides dimer forms hydrogen bonds

with the other monomer through Asp9 and Arg20 (Figure 2D).18
4 Structure 31, 1–11, March 2, 2023
It was previously shown that truncation of the 7-residue N termi-

nus of PufX inRba. sphaeroides impaired the core dimerization28

and that truncation of N-terminal 12 residues resulted in a
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Figure 3. Interactions of the LH1 antennae

(A) Intra-subunit LH1 interactions are depicted between protein chains a (brown), b (gray), and associated cofactors (BChls, magenta; carotenoids, yellow).

Zoomed-in views are shown in boxes on the right. All interacting residues are shown as sticks and labeled. All interaction distances are shown in Å.

(B) Interactions between neighboring LH1 subunits are depicted. Zoomed-in views are shown in boxes where all interacting residues are shown in sticks and

labeled. All interaction distances are shown in Å. Associated pigments are omitted for clarity.

See also Figures S8 and S9 and Tables S3 and S4.
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complete loss of dimerization.27 These results suggested the

potential importance of Rba. sphaeroides PufX Asp9 in the

dimerization of the RC-LH1 core complex. Additional connec-

tions between two monomers in the dimer are provided by inter-

actions between PufX Arg20, which is conserved in all dimers,

and the other RC-H, as well as several interactions between

PufX main-chain peptide bonds close to the N terminus and

the other LH1 (Figures 2D and 2E).18 Whether the specific inter-

action mediated by the highly conserved Arg20 is crucial for the

dimerization of RC-LH1-PufX requires further investigation.

The LH1 architecture
Another striking difference between Rba. capsulatus and

Rba. veldkampii RC-LH1-PufX architectures is the number

of carotenoid molecules per LH1 ab heterodimer. Rba. veldkam-

pii RC-LH1-PufX contains one carotenoid per LH1 ab hetero-

dimer, the same as many other purple photosynthetic

bacteria.9,11,12,15,19 In contrast, each LH1 ab heterodimer of

Rba. capsulatus RC-LH1-PufX possesses two carotenoid mole-

cules in addition to two BChls (Figure 3A), consistent with previ-

ousbiochemical analysis39,45 and resembling theRC-LH1mono-

mer and dimer from Rba. sphaeroides.18,20,21,24,25 The

exceptions are LH1-13 and LH1-14 subunits with only one carot-

enoid modeled due to poor local density (see details below), as

well as the LH1-15 subunit adjacent to the LH1 opening, which

contains no carotenoid. The two carotenoids were assigned as

trans-spheroidenes based on their electron densities, abun-
dance inRba. capsulatus,48 and spectral properties (FigureS1C).

The commonly identified carotenoid is close to the inner edge of

the LH1 ring, whereas the additional carotenoid is close to the

outer edge (Figure S8A). No strong non-covalent interactions

were foundbetween carotenoidswith the LH1 subunits, and their

association is presumably formedby vanderWaals contacts and

steric restraints (Figure S8B; Table S3). On one hand, the extra

carotenoids could enhance the light harvesting and photopro-

tection capacities of RC-LH1; on the other hand, they could

impede quinone/quinol passage through the small pores formed

between two adjacent LH1 subunits.9,12,19 This highlights the

importance of the PufX-mediated gap within LH1 in tunneling

quinone/quinol passage across the LH1 array. It remains unclear

what determined the number and association of carotenoids

within the LH1 ab heterodimer given that the LH1 ab-apoproteins

are highly conserved in both sequence and structure from

distinct species regardless of their copy numbers of carotenoids

per LH1 ab heterodimer (Figures S8C and S9). It was previously

shown that the mutation of a-Ser2, a-Trp8, or a-Asp12 residues

could alter the number of carotenoids associated with LH1 in

Rba. capsulatus.39,49 However, the interactions between these

residues and carotenoids are not apparent from the structural

model alone, and these residues are conserved inRba. veldkam-

pii (Figures S8C and S9).

The inner LH1a-apoprotein consistsof a transmembranea-he-

lix, an amphiphilic N-terminal 310-helix parallel to the membrane

plane, and a short C-terminal a-helix that sticks out of the
Structure 31, 1–11, March 2, 2023 5



Figure 4. Interactions of RC with the LH1 ring

The complex is shown as viewed from the cytoplasmic side of themembrane and is color coded as in Figure 1. Interaction interfaces are marked by boxes, and their

zoom-in views are shown in boxes. Black boxes represent views close to the cytoplasmic surface of the complex, and orange boxes represent views close to the

periplasmic surface. Interacting residues are shown in sticks and labeled. All interaction distances are shown in Å (see also Table S5). Cofactors are omitted for clarity.

See also Table S5.
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membrane into the periplasm. The LH1 a-chain coordinates the

central Mg2+ atom of adjacent BChl a by its His32 residue, and

the Trp43 residue is hydrogen bonded to the keto-oxygen of

BChl a (Figure 3A). The outer LH1 b-apoprotein consists of a

single transmembrane a-helix that rises above its partner’s 310-

helix on the cytoplasmic side of the membrane near the N termi-

nus but is shorter than the a-chain on the periplasmic side. The
6 Structure 31, 1–11, March 2, 2023
His39 and Trp48 residues of the LH1 b-chain coordinate the

BChl Mg2+ and keto-oxygen atoms, respectively.

The cryo-EM structure reveals extensive intra- and inter-mo-

lecular interactions of LH1 subunits (Table S4). Within an indi-

vidual LH1 ab-heterodimer, the LH1 a- and b-apoproteins inter-

connect mostly through their N- and C-terminal regions, in

addition to the interaction interface formed by the two
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Figure 5. Structural flexibility of the LH1 ring

(A) 3D variability analysis of RC-LH1 shows the ‘‘breathing’’ process of the LH1 architecture in a most closed form (left, frame 1), in an intermediate form (middle,

frame 10), and in a more open form (right, frame 20), due to the organizational flexibility of the last LH1 subunits. See also Video S1.

(B) The Rba. capsulatus RC-LH1 structure is shown as lines, colored by B-factor. Higher B-factor values were observed at the last LH1 subunits, indicating their

structural flexibility within the RC-LH1 architecture. The coloring according to B-factor was conducted by using UCSF Chimera.

(C) Superimposition of the cryo-EM map of Rba. capsulatus RC-LH1 in the most open form and Rba. sphaeroides WT RC-LH1 monomer structure containing a

PufY between the RC and LH1 (PDB: 7VNY).

(D) Superimposition of the cryo-EMmap of Rba. capsulatus RC-LH1 in the most closed form, Rba. sphaeroides DpufY RC-LH1 monomer (left, PDB: 7VNM), and

Rps. palustris RC-LH114-W containing a transmembrane polypeptide W (right, PDB: 6Z5S).

(E) Comparison of the Rba. capsulatus RC-LH1 (orange), Rba sphaeroidesWT RC-LH1 monomer (blue, PufY indicated in red), Rba. sphaeroides DpufY RC-LH1

monomer (light blue) models, and Rps. palustris RC-LH114-W (pink). The red square indicates the last LH1 subunits that exhibit a high structural variability, which

appears to be a general feature of the RC-LH1 complexes. The PufY peptide clashes with the LH1 subunits ofRba capsulatus, Rba. sphaeroides DpufY, and Rps.

palustris RC-LH1 structures. Note that the Rba. veldkampii RC-LH1 structurally resembles Rba. capsulatus RC-LH1 at this highlighted region and thus is not

included in this analysis.
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associated BChls and one hydrogen bond formed by a-Gln20

and b-Tyr24 (Figure 3A). b-Asp14 forms a hydrogen bond and

a salt bridge with a-Tyr5 and a-Lys6, respectively; a-Trp8

and a-Leu9 main-chain oxygen atoms form hydrogen bonds

with the side chain of b-Thr10 and main-chain nitrogen of

b-Phe9; b-Arg46 participates in the intra-LH1 interaction near

the C terminus by interacting with the main chain oxygen of

a-Ala40 (Figure 3A).

Both short helices at the termini of the LH1 a-apoprotein

interact with the paired b-apoprotein and the b-apoprotein of

neighboring LH1 subunits, facilitating the LH1 intra- and inter-

subunit interactions (Figure 3B), as found in other RC-LH1

complexes.15,18,19,21 Two neighboring LH1 ab-heterodimers

form extensive interactions including the overlap of BChls, salt

bridges between a-Lys3 (or a-Lys6) and b-Glu18 at the cyto-

plasmic side, and hydrogen bonds between a-Lys50, a-His51,

and b-Phe49 aswell as between a-Tyr53 and b-Pro47 at the peri-

plasmic side (Figure 3B). Collectively, these interactions provide

the foundation for the formation of a rigid LH1 ring architecture

and integration of pigments within the LH1.
RC-LH1 interactions
Out of 15 LH1 antennae surrounding the RC, five were found to

directly interact with the RC, forming two large interaction inter-

faces. One of those ismade of LH1 subunits 2 and 4 and the other

of LH1 subunits 7–9 (Figure 4). The main interacting residues are

Arg15 and Ser37 of the LH1 a-chain. They participate in forming

all the hydrogen bonds and salt bridges between LH1-7, LH1-8,

and LH1-9 and the M subunit of the RC, as well as the majority

of hydrogen bonds and salt bridges between LH1-2 and LH1-4

and the subunits H and L of the RC, in which case they are joined

byArg14 (Figure 4; Table S5). Only one LH1 b-chain directly inter-

acts with the RC, and that is the b-chain of LH1 subunit 2 due to

the proximity of its main-chain peptide bond of Thr10 to the H

subunit Asn96 residue. It is important to note here that LH1 sub-

unit 1 connects with the RC indirectly by interacting with PufX at

its N-terminal region, while its C-terminal region binds to the L

subunit of the RC, as discussed below.

LH1 subunits 10–15 do not form stable interactions with

the central RC and are presumed to be more flexible based

on the cryo-EM density map (Figure S2F). 3D variability analysis
Structure 31, 1–11, March 2, 2023 7
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Figure 6. Pigment composition of RC-LH1-PufX complex from Rba. capsulatus

(A) Mg-Mg distances of BChls are depicted on a periplasmic view. The shortest and the longest distance from LH1-associated BChls to the special pair are

marked. The distances between BChls belonging to the same LH1 subunit are marked on the outside of the ring, and the distances of BChls of the neighboring

LH1 subunits are marked on the inside. All distances are measured in Å.

(B) Shortest distances between carotenoids of LH1 subunits 4 and 5 are shown.

(C) Arrangement of the cofactors associated with the RC.

(D) Positions of pigments and electron carriers as viewed from the periplasmic side of the membrane. Color scheme is the same as that in Figure 1. LH1 antenna

numbers and quinones are marked.

See also Figures S10–S12.
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of the cryo-EMdensitymaps confirmed that the last LH1subunits

display higher degrees of structural flexibility compared with

other LH1 subunits within the Rba. capsulatus RC-LH1, resulting

in varying levels of the LH1opening and adynamic or ‘‘breathing’’

architecture of the LH1 ring (Figure 5A; Video S1). This structural

flexibility was further supported by the analysis of temperature

B-factors (Figure 5B). It is presumably that the RC-LH1 complex

in native photosynthetic membranes has a dynamic LH1

surrounding, whichmay play a role in modulating quinone/quinol

exchange to the QB site and needs further experimental

verifications.

Interestingly, the most open form of Rba. capsulatus RC-LH1

has a similar LH1 arrangement as the Rba. sphaeroides WT

RC-LH1 monomer (Figure 5C), in which the transmembrane
8 Structure 31, 1–11, March 2, 2023
polypeptide PufY sits between the RC and LH1 and creates extra

space between LH1-13/14 and the RC.18 By contrast, the most

closed form appears to fit the Rba. sphaeroides DpufY RC-LH1

monomer structure that lacks the PufY-mediated physical

separation between the RC and LH118 and Rps. palustris RC-

LH114-W with a closed LH1 association to the RC11 (Figure 5D).

Moreover, deletion of PufY destabilizes the last 3–4 LH1 subunits

in Rba. sphaeroides RC-LH1, causing their poor densities.18,25 It

is likely that the structural flexibility of LH1 subunits near the LH1

opening is a general assembly feature of the RC-LH1 core com-

plexes with an open LH1 ring, which require specific interactions

between their final LH1 subunits and the RC (either direct or in-

direct through other structural elements like PufY), to enhance

the LH1 architectural rigidity (Figure 5E).11,17–21
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Arrangement of cofactors
A total of 30BChls awere identified in the LH1 ring. The intra-sub-

unit Mg-Mg distances range from 9.4 to 10.1 Å, whereas the Mg-

Mgdistances of BChls associatedwith neighboring LH1 subunits

are slightly shorter, ranging from 8.2 to 8.7 Å. The distance from

an LH1 BChl to one of the special pair BChls in the RC ranges be-

tween 39 and 45.7 Å (Figure 6A). Except for LH1-15, each LH1 is

presumed to host two trans-spheroidene carotenoids. Out of the

28 expected carotenoids, 26 were modeled. The outer caroten-

oids in LH1-14 and LH1-13 subunits aremissing due to their rela-

tively poor density of the area, presumably originating from struc-

tural flexibility (Figures 1A and S2F). The approximate shortest

distances between the two carotenoids within the LH1 subunits

range from 3.6 to 5.5 Å (Figures 6B and S10).

The cofactors of the RC include two BChls a making up the

special pair dimer, two accessory BChls a, two BPheos a, a

cis-carotenoid, a primary quinone QA and a secondary quinone

QB, which are both modeled as ubiquinone 10, as well as a

non-heme iron (Figure 6C). Two additional quinones, named Q3

and QP, were modeled outside the RC (Figures 6C and 6D). Q3

locates outside of the QB site oriented with its head toward

QB.
9,13,18,19,50 QP (also as Q6 in Bracun et al.19 and Q2 in Swains-

bury et al.11) is proposed to be near Q3 but in an opposite orien-

tation facing the periplasm.11,19,20,25 While its tail density could

not be clearly traced, a planar density that fits a quinone head

was undoubtedly identified to be sandwiched between aromatic

residues (Figure S11). These surrounding aromatic residues are

conserved in all reported RC-LH1 structures (Figure S12), sug-

gesting their potential functions in facilitating quinone transport

through aromatic ring-aliphatic ring interactions.51

In summary, the cryo-EM structure of Rba. capsulatus RC-

LH1-PufX unveils unprecedented architectural details of the

unique photosynthetic RC-LH1 core supercomplex, represent-

ing an intermediate structure between Rba. veldkampii and

Rba. sphaeroides RC-LH1-PufX complexes. The study provides

insights into the molecular basis of light harvesting and quinone

diffusion in Rba. capsulatus RC-LH1-PufX and expands our un-

derstanding of the structural diversity and flexibility of bacterial

photosynthetic core complexes, which is desirable for different

phototrophic species to optimize photosynthetic performance

in their specific ecological niches.
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eabf8864. https://doi.org/10.1126/sciadv.abf8864.

20. Tani, K., Nagashima, K.V.P., Kanno, R., Kawamura, S., Kikuchi, R., Hall,

M., Yu, L.J., Kimura, Y., Madigan, M.T., Mizoguchi, A., et al. (2021). A pre-

viously unrecognized membrane protein in the Rhodobacter sphaeroides

LH1-RC photocomplex. Nat. Commun. 12, 6300. https://doi.org/10.1038/

s41467-021-26561-9.

21. Qian, P., Swainsbury, D.J.K., Croll, T.I., Salisbury, J.H., Martin, E.C.,

Jackson, P.J., Hitchcock, A., Castro-Hartmann, P., Sader, K., and
10 Structure 31, 1–11, March 2, 2023
Hunter, C.N. (2021). Cryo-EM structure of the monomeric Rhodobacter

sphaeroides RC-LH1 core complex at 2.5 Å. Biochem. J. 478, 3775–
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58. Casañal, A., Lohkamp, B., and Emsley, P. (2020). Current developments in

coot for macromolecular model building of electron cryo-microscopy and

crystallographic data. Protein Sci. 29, 1069–1078. https://doi.org/10.

1002/pro.3791.

59. Pettersen, E.F., Goddard, T.D., Huang, C.C., Couch, G.S., Greenblatt,

D.M., Meng, E.C., and Ferrin, T.E. (2004). UCSF Chimera–a visualization

system for exploratory research and analysis. J. Comput. Chem. 25,

1605–1612. https://doi.org/10.1002/jcc.20084.

60. Punjani, A., and Fleet, D.J. (2021). 3D variability analysis: resolving contin-

uous flexibility and discrete heterogeneity from single particle cryo-EM.

J. Struct. Biol. 213, 107702. https://doi.org/10.1016/j.jsb.2021.107702.

61. Qian, P., Hunter, C.N., and Bullough, P.A. (2005). The 8.5Å projection
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Wild-type Rhodobacter (Rba.) capsulatus strain SB1003 cultures were grown anaerobically in liquid M22 + medium61 supplemented

with vitamins (0.08 M nicotinic acid, 0.01 M thiamine, 7.3 mM 4-aminobenzoic acid, 0.4 mM d-biotin) and 0.1% casamino acids, in

tightly closed flasks filled to the top with medium, under 1120 lumen light and in 29�Cwith 150 rpm shaking. The cultures were left to

grow for 7-14 days before protein purification.

METHOD DETAILS

Protein purification
The purification of RC–LH1 was carried out following the previous protocol.19 TheWT Rba. capsulatus cells were collected by centri-

fugation at 5,0003g for 10min, washed twice with Tris–HCl (pH 8.0) and resuspended in working buffer (20 mMHEPES, pH 8.0). The

cell breakage was done by passing the cell suspension through a French press three times at 16,000 p.s.i. Cell debris was pelleted by

centrifuging the cell lysate at 20,000 3g for 30 min. The cell membranes were collected by centrifuging the resulting supernatant at

125,0003g for 90min. Pelletedmembranes were solubilized by incubation in 3% (w/v) DDM (n-dodecyl b-D-maltoside) for 1 h in cold

and dark. Unsolubilized materials were then removed by centrifugation (21,0003g, 30 min, 4�C). Supernatant containing solubilized

cell membranes was applied onto the 10–30% (w/v) continuous sucrose gradients made with working buffer and 0.01% (w/v) DDM.

Gradients were centrifuged at 230,0003g for 19 h. The heaviest red/brown pigmented band, representing the RC–LH1 complex, was

collected. The buffer containing sucrose was exchanged to working buffer containing 0.01% (w/v) DDM and proteins were simulta-

neously concentrated using Vivaspin 6 50,000 MWCO column. The purity of the RC�LH1 complex was characterized by SDS-poly-

acrylamide gel electrophoresis (SDS-PAGE, Figure S1D). A full scan gel image was uploaded to Mendeley and is available as of the

date of publication.

Absorption spectra
Purified RC–LH1–PufX complexes were collected from sucrose gradients and absorbance was measured from 300 to 900 nm at

1-nm intervals using a Libra S22 spectrophotometer (Biochrom, United Kingdom).

Bioinformatic analysis
Protein sequence alignment was performed usingClustal Omega (EMBL-EBI)62 andwas presented using ESPript 3.0.63 Phylogenetic

tree (Figure S7A) was built using the Uniprot Align tool64 for the PufX sequences.

Transmission electron microscopy
The WT Rba. capsulatus cells were characterized using thin-section electron microscopy.65,66 Cells were pelleted by centrifugation

(6,000 g, 10 min) and processed for thin section using a Pelco BioWave Pro laboratory microwave system. The cells were first fixed

with 0.1 M sodium cacodylate buffer (pH 7.2) supplemented with 2% glutaraldehyde using two steps of 100W for 1 min each (P1).

Samples were then embedded in 4% agarose, followed by staining with 2% osmium tetroxide and 3% potassium ferrocyanide using

three steps of 100W for 20 s each (P2). The reduced osmium stain was then set in a 1% thiocarbohydrazide solution for 10 min. The

second osmium stain was applied using P2 with 2% osmium tetroxide. The sample was made electron dense by incubation with 2%

uranyl acetate at 4�C overnight. Dehydration was operated with a series of increasing alcohol concentrations (30–100%) before cells

were embedded inmedium resin. Thin sections of 70 nmwere cut with a diamond knife, followed by a post-stain with 3% lead citrate.

Images were recorded on an FEI 120 kV Tecnai G2 Spirit BioTWIN transmission electron microscope (FEI, United States) equipped

with a Gatan Rio 16 camera and the DigitalMicrograph software (Gatan, United States).

Cryo-EM data collection
Three microliters of diluted (1:100) protein solution were applied to the glow-discharged copper grids (Quantifoil R1.2/1.3 Cu, 300

mesh) with a thin carbon-supported film. Grids were plunge-frozen in liquid ethane by Vitrobot Mark IV (Thermo Fisher Scientific).

Parameters for plunge freezing were set as follows: blotting time 3 s, waiting time 15 s, blotting force �10, humidity 100%, chamber

temperature 4�C. The data were collected on a Titan Krios electron microscope (FEI) using 300 kV electron acceleration and a K3

direct electron detector (Gatan, United States) in counting mode. A total of 6,028 movies were recorded at a nominal magnification

of 1,050,003 and a pixel size of 0.8285 Å. The dose rate was 1.05 e� per Å2 per frame. Defocus ranged from 0.8 to 2.0 mm.

Data processing
Collected movies were imported into RELION 3.152,53 and motion-corrected using MotionCor2.54 CTF parameters were determined

by CTFFIND-4.1.55 A total of 935,709 particles were picked automatically using SPHIRE-crYOLO56 with input box sizes of 3003 300

px. Particles were then extracted in RELION 3.1 and subjected to reference-free 2D classification. After each classification step, the

particles that were categorized into poorly defined classes were rejected and only the particles sorted into well-defined classes were

selected and processed further. A 3D initial model was calculated in RELION 3.1 based on chosen particles and used as a reference

for subsequent 3D classifications of selected particles. Once a well-defined 3D class was obtained, it was refined into a high-reso-

lution electron potential map. The final selected particle number was 181,054. The map then went through several iterations of CTF
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parameter refinement, particle polishing and 3D auto-refinement before it was corrected for themodulation transfer function (MTF) of

the Gatan K3 summit camera and sharpened by RELION 3.1. The final global map resolution was estimated to be 2.5890 Å on the

basis of the Fourier Shell Correlation (FSC) = 0.143 criterion. Local map resolution was calculated by RELION 3.1.

Modeling and refinement
The atomic model was built using the Rba. veldkampii structure (PDB ID: 7DDQ) as a reference starting model.19 It was fit into the

experimentally obtained cryo-EM density map as a rigid body using UCSF Chimera.59 The sequences were then mutated into those

ofRba. capsulatus and the resultingmodel was adjustedmanually using COOT.58 The final model was refined by Phenix 1.18.2,57 and

the stereochemistry was assessed by MolProbity.67 Most relevant cryo-EM data collection and model validation statistics are sum-

marized in Table S1. All amino acid sequencesmaking up themodel are listed in Figure S13. Images were generated and analyzed by

UCSF Chimera.59 3D variability analysis was performed by using cryoSPARC v4.1.60 The number of modes to solve was set to 3 and

simple output mode was exploited with the number of frames set to 20. B-factors were displayed by UCSF Chimera.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cryo-EM data collection and refinement statistics are shown in Table S1. 3D classifications of the cryo-EM images were performed in

RELION 3.1.52,53 The final global map resolution was estimated by using the FSC 0.143 criterion. Local map resolution was calculated

by RELION 3.1. 3D variability analysis shown in Figure 4 was performed by using cryoSPARC v4.1.60
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