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Supplementary Fig. 1 | Characterization of membrane extraction from Chlorobaculum
tepidum. a, Size-exclusion chromatographic (SEC) profile of the detergent-solubilized sample.
b, SDS-PAGE of the eluted peak fraction from the SEC. The reaction center (PscA, PscB, PscC,
and PscD) and FMO complexes of C. tepidum are shortened as GsbRC-FMO. Gel bands within
the highlighted green rectangle (< 15 kDa) were excised and digested for further mass
spectrometry analysis. The results were reproducible for more than three times. ¢, Representative
electron micrograph (n > 10) of the negatively stained protein sample. Representative particles

for the target protein complexes are circled in orange. Scale bar indicates 60 nm.



Supplementary Fig. 2 | Cryo-EM image analysis of membrane protein complexes from C.

tepidum. a, Representative electron image of cryogenic protein complexes from collected 32,898
micrographs. Black contrasts are particles of protein complexes. Scale bar indicates 50 nm. b,

Representative 2D class averages of the single-particle images. Box side length is 381 A.
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Supplementary Fig. 3 | Single-particle reconstruction of the GsbRC-FMO complex. Image
processing flowchart on single-particle cryo-EM data of the protein complexes from
Chlorobaculum tepidum. Golden Fourier-shell correlation (FSC), directional FSC plots, and

angular distributions for individual reconstructions are shown in the lower panel.
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Supplementary Fig. 4 | Signal subtraction, local refinement, and local resolution estimation

on the cryo-EM densities of the RC-FMO assemblies. a. Overall density of the RC-FMO;
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assembly is shown in pink. Masks used for local refinement are shown in light blue (FMOI,
PscAl, and PscB) and light yellow (FMO2 and PscA2) surfaces. Golden Fourier-shell
correlation (FSC) plots are shown in the lower panel. Local resolution maps for b, RC-FMO; and
¢, RC-FMO; assemblies. Color bars are presented to indicate the local resolution values of the

density maps. Resolutions from low to high are presented in red to blue.
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Supplementary Fig. 5 | Representative model fitting of the cryo-EM densities of the RC-
FMO; and RC-FMO; complex assemblies. Color codes: PscAl — blue; PscA2 — light blue;
PscB — yellow; PscC — light pink; PscD — purple; PscE — magenta; and PscF — cyan. Grey

surfaces present the corresponding cryo-EM densities.
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Supplementary Fig. 6 | Structural superpositions of the RC-FMQO; and RC-FMO;

assemblies. a, Density difference between the RC-FMO; and the previous RC-FMO; cryo-EM
densities (EMD-30069). Subtracted values are shown in blue and red for positive and negative
values, respectively, on the map surface. Superpositions of the structures: b, RC-FMO; and

6M32 (RMSD 1.060 A); ¢, RC-FMO; and 6M32 (RMSD 1.123 A); and d, RC-FMO; and RC-



FMO; (RMSD 0.777 A). RC-FMO,, RC-FMO}, and 6M32 are colored in light blue, fawn, and
pink, respectively. e and f, Enlarged views of the local regions squared in ¢ (green) and d (dark
red), respectively. FMO2 binding induces a slight loop conformational change on PscD (Q83-
P108) (dashed orange square).
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Supplementary Fig. 7 | Structure of the PscC subunit. a, Domain structure of the PscC
subunit. b, Low-contour cryo-EM densities for RC-FMO: (1.4c) and RC-FMO; (1.8c). Arrows
indicate possible C-terminal heme-binding domains of PscC. ¢, Cryo-EM density of the PscC
(light pink) and docking of the atomic coordinate of the heme-binding domain (PDB code:
3A9F; protein residues — yellow; heme - green). Densities of other regions of the complex

assembly are shown in grey (3.6c). Enclosed surface is the density sigma level at 1.0.
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Supplementary Fig. 8 | Distance analyses between pigments along the FMO2-PscA2 axis.
The shortest Mg-Mg distance between BChls at the FMO2 (green)-PscA2 (blue) interface is 28.1
A (BChl-Y3-BChl-a808). Orange dash line separates the BChl clusters of the cytoplasmic and

periplasmic layers.
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Supplementary Fig. 9 | Energy transfer rates between FMO and RC. a, and b, energy
transfer rates (calculated using the Forster model) between all the BChls in FMO and RC
complexes. Rates were calculated on BChl pairs closer than 40 A (between FMO and RC) are
shown as red lines. The radii of the connecting lines are scaled inversely to the transfer rates.
Thicker lines represent faster rates. BChl-A816 alone accounts for more than 50% of the transfer
between FMO1 and the RC (FMO1-BChl-A816 alone: 0.07 ps'; FMO1-RC: 0.11 ps™!). The
FMOI1 is more efficiently connected to the RC than FMO2 (FMO2-RC: ~0.02 ps™!). Transfer

rates and orientation factors for individual BChl pairs are listed in Supplementary Data 1 and 2.
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Supplementary Fig. 10 | Association of PscB and ferredoxin in GSB photosynthetic
assembly. a, Protein sequence of ferredoxin (accession number: Q8KCZ6). b, Predicted aligned
error (PAE) plot of the ferredoxin. Graded green to white represents small to large position
errors. ¢, Predicted ferredoxin atomic coordinate. Structure is colored by the confidence score
from the per-residue local distance difference test (pLDDT). d, Potential ferredoxin docking site.
Asymmetric binding of the FMO trimers, PscB, and PscD on the RC surface leaves an open
space for ferredoxin binding. Ferredoxin is shown in grey surface. A possible lysine residue,

K30, of the PscD may involve ferredoxin binding.
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Supplementary Fig. 11 | Newly identified carotenoids in the RC-FMO; photosynthetic
assembly. a, F39 molecule bound in the PscA dimer interface. Cryo-EM density is shown as
grey surface (2.15). b, Additional F26 molecule found in the PscA2 subunit. Cryo-EM density is
shown as grey surface (1.56). ¢, F39 (orange red) is stabilized by hydrophobic interactions via
PscA (light blue), PscC (pink), and lipids (grey). The porphyrin ring of the BChl-A814 interacts
with the terminal ring of the F39 at a distance of 3.4 A.



Supplementary Fig. 12 | Unmodelled densities in the previous RC structures from
Chlorobaculum tepidum and Heliobacterium modesticaldum. Structural superpositions of the
RC-FMO: structure with a, the previous RC-FMO; structure from C. tepidum (PDB code:
6M32) and b, the homodimeric RC (HbRC) structure from H. modesticaldum (PDB code:
5V8K). RC-FMO, the previous RC-FMO1, and HbRC are colored blue, green, and pink,
respectively. The modeled PG lipid in the RC-FMO: structure is colored yellow. Contour levels
for the RC-FMO; cryo-EM map and the HbRC 2Fo-Fc electron density map are 2.4c and 1.20,

respectively.



Supplementary Fig. 13 | Membrane lipids play an important role in maintaining the
integrity of the photosynthetic assembly. Color codes: PscAl — blue; PscA2 — light blue; and
PscC - pink. Lipids in cytoplasmic (upper) and periplasmic leaflets (lower) are colored in
crimson. Lipids in the cytoplasmic leaflet are sandwiched between PscA, PscC, and PscE. Linker

BChl is colored in light green.
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Supplementary Fig. 14 | Supervised 3D classification or heterogeneous refinement using the
densities of RC-FMO1, RC-FMO2, and RC-FMO1-FMO2. The density of RC-FMO2 (light
blue) was generated by the subtraction of FMO1 density (grey) from the RC-FMO1-FMO2
density (trendy blue). The RC-FMO1 density is shown in color purple.



Supplementary Fig. 15 | Proposed model for GsbRC-FMO:; supercomplex assembly
process. Color codes: FMO1 — dark green; FMO2 — forest green; PscAl — blue; PscA2 — light
blue; PscB — yellow; PscC — light pink; PscD — purple; PscE — magenta; and PscF - cyan. Arrows

indicate the assembling sequence.



SUPPLEMENTARY TABLES

Supplementary Table 1. Mass spectrometry results of Chlorobaculum tepidum RC-FMO
sample from the native-gel electrophoretic bands.

Accession
number

Protein
name

Description

Sum
PEP
score

Coverage

(%)

# unique
peptides

# AAs

MW
(kDa)

Abundance 1

Abundance 2

Abundance 3

Q46393

FMO

Bacteriochlorophyll a protein
OS=Chlorobaculum tepidum
(strain ATCC 49652 / DSM
12025 / NBRC 103806 /
TLS) 0X=194439 GN=fmoA
PE=1 SV=3

514

83

52

366

40.3

2.0E+10

2.5E+10

1.8E+10

QSKAY0

PscA

Photosystem P840 reaction
center, large subunit
OS=Chlorobaculum tepidum
(strain ATCC 49652 / DSM
12025 / NBRC 103806 /
TLS) 0X=194439
GN=CT2020 PE=1 SV=1

201

30

36

731

3.0E+9

4.0E+9

2.9E+9

QSKAY!

PscB

Photosystem P840 reaction
center, iron-sulfur protein
OS=Chlorobaculum tepidum
(strain ATCC 49652 / DSM
12025 / NBRC 103806 /
TLS) 0X=194439 GN=pscB
PE=1 SV=1

25

25

231

23.5

6.6E+8

9.3E+8

6.1E+8

007091

PscC

Cytochrome ¢
OS=Chlorobaculum tepidum
(strain ATCC 49652 / DSM
12025 / NBRC 103806 /
TLS) 0X=194439 GN=pscC
PE=1 SV=1

185

41

17

206

22.7

2.0E+9

2.4E+9

1.7E+9

QSKEP5

PscD

P840 reaction center 17 kDa
protein OS=Chlorobaculum
tepidum (strain ATCC 49652
/DSM 12025 / NBRC
103806 / TLS) OX=194439
GN=pscD PE=1 SV=1

165

78

28

143

16.6

1.2E+9

1.8E+9

1.2E+9

Q8KDI3

Uncharacterized protein
OS=Chlorobaculum tepidum
(strain ATCC 49652 / DMS
12025 / NBRC 103806 /
TLS) 0X=194439
GN=CT1067 PE=4 SV=2

58

59

6.7

1.0E+6

1.0E+6

7.9E+5

Q8KG87

Ricl

Ricl protein
OS=Chlorobaculum tepidum
(strain ATCC 49652 / DSM
12025 / NBRC 103806 /
TLS) 0X=194439
GN=CT0081 PE=3 SV=1

34

28

58

6.2

6.7E+7

7.8E+7

5.8E+7




Supplementary Table 2. Mass spectrometry results of Chlorobaculum tepidum RC-FMO
sample from the SDS-PAGE bands with the sizes less than 15 kDa.

Accession

Protein

Description Sum Coverage #unique | #AAs | MW Abundance 1 Abundance 2 Abundance
number name PEP (%) peptides (kDa) (<15kDa/ (<15kDa/> (blank;
score > 15 kDa) 15 kDa) control)
Q8KDI3 Uncharacterized protein 15.5 58 5 59 6.7 2.09E+6 / 2.44E+6 / 0
OS=Chlorobaculum tepidum 3.63E+5 9.12E+4
(strain ATCC 49652 / DMS
12025 /NBRC 103806 / TLS)
0X=194439 GN=CT1067
PE=4 SV=2
Q8KG87 Ricl Ricl protein 4.8 26 1 58 6.2 5.27E+6/ 3.47E+6/ 0
OS=Chlorobaculum tepidum 1.85E+5 1.24E+5

(strain ATCC 49652 / DSM
12025 /NBRC 103806 / TLS)
0X=194439 GN=CT0081
PE=3 SV=1




Supplementary Table 3. Amino acid composition of the PscE subunit.

Amino acid Count Percentage (%)
Alanine 4 6.8
Arginine 2 34
Asparagine 0 0.0
Aspartate 2 34
Cysteine 1 1.7
Glutamine 1 1.7
Glutamate 8 13.6
Glycine 3 5.1
Histidine 0 0.0
Isoleucine 3 5.1
Leucine 5 8.5
Lysine 11 18.6
Methionine 3 5.1
Phenylalanine 0 0.0
Proline 3 5.1
Serine 4 6.8
Threonine 3 5.1
Tryptophan 1 1.7
Tyrosine 1 1.7
Valine 4 6.8




Supplementary Table 4. Cryo-EM data collection, refinement, and validation statistics of
RC-FMO:; and RC-FMO; assemblies of Chlorobaculum tepidum.

RC-FMO, RC-FMO;
(EMDB: EMD-26471) (EMDB: EMD-26469)
(PDB: 7TUEB) (PDB: 7UEA)
Data collection and processing
Magnification 47,259X
Voltage (kV) 300
Electron exposure (e /A?) 45.4
Defocus range (um) -0.8--2.5
Pixel size (A) 1.04
Symmetry imposed C1
Initial particle images (no.) 1,753,711
Final particle images (no.) 157,486 142,020
Map resolution (A)

FSC threshold (0.143) 3.08 3.49
Map resolution range (A) 2.74 -3.45 3.01 -3.87
Model refinement
Initial model used (PDB code) 6M32 6M32
Model resolution (A)

FSC threshold (0.5 / 0.143) 3.3/3.0 3.8/34
Map sharpening B factor (A?) -102.3 -136.6
Model composition

Non-hydrogen atoms 37,570 26,313

Protein residues 4,006 2,793

Ligands

BCL 73 48
GSO 2 2
G20 4 4
SF4 3 3
Ca 2 2
F26 3 3
F39 3 2
Lipids

LMG 6 7

LHG 10 6

B factors (A?)

Protein 44.06 72.52

Ligands 44.10 74.81
RMS deviations

Bond lengths (A) 0.005 0.005

Bond angles (°) 0.906 0.932
Validation

MolProbity score 1.66 1.51

Clashscore 5.37 4.64

Poor rotamers (%) 0.09 0.00

Ramachandran plot
Favored (%) 94.62 96.06




Allowed (%) 5.31 3.90
Disallowed (%) 0.08 0.04




