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Extended Data Fig. 5 Comparison of the PsaD and PsaM subunits in PSI from

different organisms.

PsaD and PsaM of C. velia are more extended at the C-terminus in the stroma in
comparison to cyanobacteria (PDB ID: 1JBO,
https://www.wwpdb.org/pdb?id=pdb_00001jb0), green algae (PDB ID: 7YCA,
https://www.wwpdb.org/pdb?id=pdb_00007yca), diatoms (PDB ID: 8ZEH,
https://www.wwpdb.org/pdb?id=pdb_00008zeh) and dinoflagellates (PDB ID: 8JJR,
https://www.wwpdb.org/pdb?id=pdb_00008;jr).
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Extended Data Fig. 6 Structural superposition of PSI-SOD-FCPI with plant PSI-
bound ferredoxin.

Superposition of PSI-SOD model with ferredoxin from pea PSI-Fd model** (PDB ID:
6YAC, https://www.rcsb.org/structure/6 Y AC) displays no steric clashes between
SOD and ferredoxin.
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C.velia Green algae Plant

Extended Data Fig. 7 Comparison of SOD’s relative position at the green algae
and plant PSI interface.

Left, surface representation of the C. velia PSI-SOD-FCPI. Middle and right,
schematic representation of green algae 2° (PDB ID: 7ZQC,
https://www.wwpdb.org/pdb?id=pdb 00007zqc) and plant 2’ (PDB: 8BCV,
https://www.wwpdb.org/pdb?id=pdb_00008bcv) PSI-LHCI, respectively, with the
relative position of SOD1, SOD2 outlined.
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Extended Data Fig. 8 Room temperature absorption spectrum and 77 K
fluorescence emission spectra of PSI-SOD-FCPI.
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Extended Data Fig. 9 Chromeraxanthin in C. velia PSI.

a, Chromeraxanthin is coordinated by PsaB subunit close to PSI lumenal extension
and associated with Chl a1277. b, The 33-A density is modeled with chromeraxanthin
(blue), which differs from canonical fucoxanthin (yellow) by featuring a cyclopentane
ring instead of a cyclohexene ring, as illustrated in the schematic. For comparison, the
cyclohexene ring density from EMD-60032 (https://www.emdataresource.org/EMD-
60032)3® is shown, exhibiting a flat density that does not accommodate the

cyclopentane isoform observed here (bottom panel).
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Extended Data Fig. 10 Structural adaptation of FCP proteins to the PSI core
surface.

Each FCP protein shares a conserved central domain comprising three transmembrane
helices but exhibits unique peripheral adaptations to interact with distinct PSI core
subunits. FCPa features an N-terminal extension that engages the C-terminus of
PsaAl. FCPb has an N-terminal loop that interacts with PsaD and Psal, while its C-
terminal helix extends toward PsaA2. FCPc has co-evolved to associate with the N-
terminus of PsaV on the lumenal side. FCPd binds near the loop region of PsaF, and
FCPe interacts with PsaR. These structural variations result in distinct orientations of
individual FCP proteins relative to the core and establish different sets of functionally
coupled chlorophylls (labeled) with PSI subunits.
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Extended Data Fig. 11 Phylogenetic analysis of FCP proteins.

Phylogenetic tree of FCP proteins characterized in this study alongside representative
diatom FCPs, including Lhef, Lhcr, Lhex, Lheq, Lhez and RedCAP family members
from 7. pseudonana and C. gracilis. The FCPs identified in this study are highlighted.
RedCAP family pink, Lhcf black, Lheq blue, Lher orange, Cg-Lher9 yellow, Lhex

green.
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Extended Data Fig. 12 Structure-based analysis of FRET networks within the
PSI-SOD-FCPI supercomplex.

a, Organization of Chls a within the PSI-SOD-FCPI supercomplex highlighting FRET
pathways. Networks with energy transfer lifetimes under 15 ps and 50 ps are shown.

The Chls a are represented as spheres and are color-coded by subunit.

31


https://doi.org/10.1101/2025.07.05.663305
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.07.05.663305; this version posted July 6, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under a CC-BY 4.0 International license.

Supplementary Information Table 1. Cryo-EM data collection, refinement, and
validation statistics of PSI-SOD-FCPI.
PSI-SOD-FCPI (PDB: ####; EMD-#####)

Data collection and processing

Magnification 96,000
Voltage (kV) 300
Electron exposure (e/A?) 50
Defocus range(um) -0.6~-2.4
Initial images (no.) 11,027
Symmetry imposed C

Final particle images(no.) 56,990
Map resolution(A) 2.94
Refinement

Initial model used CryFold
Map sharpening b factor (A?) -21.23
Model composition

Non-hydrogen atoms 39892
Protein residues 4296
Ligands 135

B factors (A?) (min/max/mean)

Protein 25.56/332.06/107.88
Ligand 48.43/217.24/110.19
R.m.s.deviations

Bond lengths (A) 0.003
Bond angles (A) 0.930
Validation

MolProbity score 2.29
Clashscore 6.08
Poor rotamers (%) 3.45
Ramachandran plot

Favored (%) 96.23
Allowed (%) 3.70
Disallowed (%) 0.07
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Supplementary Information Table 2. Lengths of peptides and their interacting
cofactors in the structure of PSI-SOD-FCPI.

) Chain Source ) . .. .
Protein . . Residues Pigments Lipids and ligands
in PDB (UniProt)
35-122,
PsaAl a DOIXH7 6 Chls a
141-240
1 phylloquinone,
18 Chls a, 3 pvTed
PsaA2 v DIIXI2 1-395 B 1 FesS4,
crs
1 DGDG, 1 MGDG
324-482, 28 Chls a, 4 i
1 phylloquinone
PsaB b DIIX14 560- Bers,
. 2 PG
1139 1 iFx
PsaC c DIIXGO 1-80 2 Fes4Ss
PsaD d AO0A0G4H942  36-268
PsaE e AO0A0G4H6U3  45-110
PsaF f AO0A0G4GX86  103-326 2 Chls a
86-122,
Psal i AO0A0G4HFQ7
151-211
PsalL 1 AO0A0G4GX71  52-277 3 Chls a, 3 Bers 1 MGDG
PsaR r AO0AO0G4FDIJ8  42-200 3 Chls a, 1 Ber
SOD1 0 AO0A0G4HJZ8  59-346
SOD2 q AOAO0G4FB02  47-266 1 Fe
PsaM m A0A6U4Q677  86-195
PsaV X AOAO0G4HRT4 279-423
24-65,
FCPa U A0A0G410G6 7 Chls a
92-270
10 Chls a, 4
FCPb G AOA0G4ID45  46-293 1 SQDG
XATs
12 Chls a, 1
FCPc T AOAO0G4FL36  42-236
XAT
FCPd N AOAOG4HMNO 47-212 7 Chls a, 1 XAT
FCPe K AOAOG4HNB1  56-216 8 Chlsa, 1 XAT
2 phylloquinones,
104 Chls a, 3 FesS4, 1 Fe
Total of PSI-SOD-FCPI supercomplex 11 Bers, 1 DGDG, 2
1 iFx, 7 XATs MGDG,
2 PG, 1 SQDG

Chl a: chlorophyll a; Ber: B-carotene; iFx: iso-fucoxanthin (chromeraxanthin); XAT: violaxanthin;
DGDG: digalactosyl diacyl glycerol; MGDG: 1,2-distearoyl-monogalactosyl-diglyceride; PG: 1,2-Dipalmitoyl-
phosphatidyl-glycerole; SQDG: 1,2-di-O-acyl-3-O-[6-deoxy-6-sulfo-alpha-D-glucopyranosyl]-Sn-glycerol.
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Supplementary Information Table 3. Interface Area (A?) between SOD1/2 with
PSI-core subunits and FCPb in PSI-SOD-FCPI.

subunit subunit Interface Area (A2) AG (kcal/mol)
SOD1 PsaD 2010.5 -18.2
SOD1 PsalL 1242.0 -11.9
SOD1 FCPb 463.8 -3.1
SOD1 PsaM 402.2 -4.7
SOD2 PsaM 1062.2 -8.7
Total interface Area 5180.7

Interface Area was calculated by PISA>* (https://www.ebi.ac.uk/msd-
srv/prot_int/pistart.html)
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Supplementary Information Table 4. Calculated FRET rates of the main
pathway within the PSI-SOD-FCPI supercomplex.

Energy pathway in pigment FRET rate, Lifetime, Distance ]'DipOI.e
. s orientation
pairs krrer(PS) 7 (ps) Ry, (A) factor, K2
Chl a407rcro—Chl a859psaa2 1.052 0.951 11.102 0.352
Chl a408rcrb—Chl a859psaa2 0.231 4.337 16.245 0.758
Chl a405rcrb—Chl a303psaL 0.232 4316 19.572 2.33
Chl a408rcrb—Chl a820psaa1 0.18 5.551 18.538 1.308
Chl a409rcrb—Chl a410Fcpa 0.28 3.571 19.974 3.182
Chl a407rcra—Chl a415rcpc 0.286 3.497 16.93 1.205
Chl a410rcpc—Chl a814psaa1 0.609 1.642 14.687 1.094
Chl a403rcra—Chl a402psar 0.408 2451 12.221 0.243
Chl a820psaa1—Chl a803psaal 0.047 21.137 19.293 0.436
Chl a420rcra—Chl a403Fcpc 0.12 18.349 19.375 1.134
Chl a402psak—Chl a802psaa1 0.06 16.738 21.454 1.042
Chl a402psak—Chl a1232psaB 0.082 16.152 18.18 0.532
Chl a406rcre—Chl a303psar 0.047 21.421 11.511 0.019
Chl a303psar—Chl a302psar 0.123 8.148 18.259 0.814
Chl a302psar—Chl a1234psaB 0.087 11.446 19.202 0.784
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Supplementary Information Table 5. Pigment-binding sites of the 5 FCPIs in PSI-
SOD-FCPI supercomplex.

Lher1ll  FCPa | Lheql0 FCPb | Lher? FCPc Lherl  FCPd | Lherl0  FCPe
(Tp) () (Tp) v | (Ip () (Ip (O (Tp) ()
401 a - a - c a a a c a
402 a a a a a a a a a a
403 a a a a a a a a a a
404 a a a a a a a a a a
405 a - a a a a a - a -
406 a - a a a a a a a a
407 a a a a a a a a a a
408 c - a a a a c a c a
409 a - a a a a a - a a
410 a a - - - a - - - _
411 - - - - - - - - - .
412 - - - - - - a - - -
413 - - - - - - - - - -
414 a a - - - a a - a -
415 a - - - a a a - a -
416 a - a a - - - - - -
417 a - a - - - - - - -
418 - - - - - - - - - -
419 c - - - - - - - - -
420 a a - - - - - - - -
421 - - - - - - - - a -
422 c - - - - - - - - -
301 - - Fx Vio Fx - Ddx - Fx -
302 Fx - Fx Vio Ddx - Fx - Fx -
303 Ddx Vio Ddx Vio Ddx Vio Ddx Vio Ddx Vio
304 Fx - - - - - - - Fx -
305 Fx - Fx Vio Fx - Ddx - Fx -
306 Fx - - - Fx - Ddx - Fx -
307 - - - - - - - - Ddx -
308 - - Dtx - Ddx - - - - -

a: chlorophyll a; Fx: fucoxanthin; Vio: violaxanthin;

Comparison with related diatom FCPIs based on Extended Data Fig. 11.
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