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Supplementary Figure 1. Cryo-EM image processing. a, Representative area from a
cryo-EM micrograph of a typical preparation of PSII-LHCII supercomplexes showing
particles that are randomly orientated within vitreous ice. b, Selection of typical 2D
class averages of PSII-LHCII supercomplex particles used for 3D reconstruction. c,
Initial model used for subsequent 3D classification. d, 3D classes representative of the
three most abundant subpopulations of PSII-LHCII supercomplexes: (i) paired C,S,M,
(ii) unpaired C,S,M, (iii) paired C,S,. e, Reference-free 2D class averages of paired
C,S,M PSII-LHCII supercomplexes. f, Reprojections of the 3D map of paired C,S,M
PSII-LHCII supercomplexes in identical orientations with the corresponding class aver-
ages.
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Supplementary Figure 2. Evaluation of the resolution of the cryo-EM structure of paired C,S,M PSII-LHCII supercomplexes. Gold
standard Fourier Shell Correlation (FSC) curve of the cryo-EM reconstruction of paired C,S,M PSII-LHCII supercomplexes. The resolution
estimate is 14 A at the 0.143 FSC cutoff criterion.
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Supplementary Figure 3. Sequence comparison of
Lhcb1-3 and Lhch4 from different plant species. a,
Multiple sequence alignment of UniProtKB/TrEMBL
mature amino acid sequences of Lhcb1 from P, sativum
(sp|P07371|CB22_PEA; corresponding PDB 2BHW,
residues without coordinates in grey), S. oleracea
(sp|P12333|CB2A_SPIOL; corresponding PDBs 4LCZ,
1RWT, 3JCU, residues without coordinates in grey) and
A. thaliana (sp|POCJ48|CB1A_ARATH), together with
Lhcb2 and Lhcb3 from P sativum
(sp|P27520|CB215_PEA and tr|Q518X1|Q518X1_PEA,
respectively) and A. thaliana (tr|Q9SYW9|QISY-
W9_ARATH and sp|Q9S7MO0|Q9S7MO0_ARATH, respec-
tively). Residues involved in grana stacking according to
Wan et al., (2014) (PDB 4LCZ) are highlighted with a
blue background. b, Multiple sequence alignment of
mature amino acid sequences of Lhcb4.1-4.2 proteins
from S. oleracea (tr|[F22293|F22293_SPIOL; corre-
sponding PDBs 3JCU:R, 3PL9, residues without coordi-
nates in grey), P. sativum (deduced from transcriptome
reftransVV1_0076852_5/651-900) and A. thaliana
(sp|Q07473|CB4A_ARATH, Lhcb4.1). Charged amino
acid residues at the N-terminus are highlighted with red
(negative) and purple (positive) backgrounds. Partial
amino acid sequences of Lhcb1-4 in P. sativum identified
by mass spectrometry analyses are highlighted in black
boxes (see Supplementary Table 1). Secondary struc-
ture with alpha-helix in green is based on PDBs 2BHW
for Lheb1 (@) and 3JCU:R for Lheb4 (b); topology of the
Lhcb subunits with respect to the thylakoid membrane
(transmembrane, TM; luminal, LU; stromal, ST) is based
on reviewed UniProtkB entries for  Lhcb1
(sp|P07371|CB22_PEA) and Lhcb4.1
(sp|Q07473|CB4A_ARATH).



a ST ™ LU ™
''''''' AR ALLARRR RN = v v v | RARRRRRR
Spinacia oferacea /1243 1 - AQPRSGF STDRP LWYPGAKAPEY LDGSLVGDYGFBPFGLGKPAEYLQYDYDGLDONLARNLAGD | IGTRTES- ADVK- STSLQPYSEVFGLQ HGRWAMLATLGALTVEGLTG | TWQDAGKVEL I EGSSYLGQPLPFSMTTL IWIEVL 153
Pisum_sativum/655-900 BSSE;S RSAPTTDRPLWF PG K RTEF - EDVK- STPFQPYTEVFGLQ AMLATLGALTVEWLTGVTWQDAGKVELVEGSTYLGQPLPFS | TTL IWIEVL 807

Glycine_max /43-200 43 KVS GSGSSSDR AMLATLGALTVEWLTGVTWQDAGKVELVEGSSYLGQPLPFSITTLIWIEVL 196
Oryza_sativa /43-200 43 KAARPSAPTTDR AMLATLGALSVEWLTGVTWQDAGKVELVDGSSYLGQPLPFSISTLIWIEVL 196
AMLATLGALSVEWLTGVTWQDAGKVELVDGSSYLGQPLPFSISTLIWIEVL 197
AMLATLGALTVEWLTG | TWQDAGKVELVEGSSYLGQPLPFSITTLIWIEVL 19
AMLATLGALSVEWLTGVTWQDAGKVELVDGSSYLGQPLPFSISTLIWIEVL 157
AMLATLGALSVEWLTGVTWQDAGKVELVEGSSYLGQPLPFSITTLILIEVL 152
AMLATLGAIAVETFTGVTWQADAGKVELDQGPSYFGFSLPFTITALVWIEVL 207
AMLA | LGALSVEAF TGVTWQDAGKVELVDGASYFGLPLPFSITSLVY | EAF 204
AMLGVLGALAVEGF TG | YWQDAGKVELVEGSSYFGFSLPFNMSTLILIEVL 207
AMLGTLGALAVEAF TGVTWQDAGKVELVEGSTYFGLPLPFNVSTLILIEVL 197

Zea_mays /44291 44
Solanum_lycopersicum_/41-285 41 A- - - AKKQ | PDRP LWYPGAKAPEYLDGSLVGDYGFDPFGLG
Arabidopsis_thaliana /5-250 5 KSA- KKTVTTDRPLWYPGA | SPDWLDGSLVGDYGFDPFGLG
Populus_trichocarpa /2-244 ---KSIKTIPDRPLWYPGAKAPEYLDGSLVGDYGFDPFGLG
Selaginella_mollendorfii_/54-299 PLWFPGAKCPDYLDGSLVGDYGFDPLGLG
Physcomitrella_patens_/50-206

Picea_sitchensis_/55-288 55 KIPKP RPLWLPGAKAPEWLDGSLVGDYGFDPLGLG
Ginko_biloba_/44-278 44 PPPP VQSERPMWLPGAQPPEWLDGSLVGDYGFDPLGLG AEYLQFDLDSLDQNLAENEAGQLIG IRIED-SDIK-PTPFQPYSEVFGLQ

Aurxenochlorella_protothecoides_/84-320 84 NLGEGS%QGETLWLPNTPEPEWLDGSLPGD GFDPLGLSK AMLATLGV IVAEASTGVAWQDAGKVEL - DGAQYLGFPLPFTLTQLVWIEAL 237

Chlamydomonas_reinharctii /39-280 39 SGGVGY QGDALWLPNTTRPEWLDBGSLPGD GFDPLGLSPSEFVVIGVDENDONAA.N {GSVEA I VQATPDEVSSENRLAPYSEVFGLARFRECEL |HGRWAMLACLGALVAEATTGVSWVEAGKVEL - DGASYAGLSLPFSITQLIWIEVI 193

Consenvation l_l. II .I- H‘- iE - .I. I I II'- II I'I. III.
0000314105476 77733 7 6 756 6746 46 555 33 4U4+33441-37/74-37086 3 6 6 54 56 0/ 6 6 67 [§ 7

VAKTSTSSDRPLWFPGAVAPDYLDGSLVGDYGFDPFGLG

{K- SSSSGDANR

SEYLQYD\/DSLDONLDLNLPGDLLGDF\/GD PDI ’_

Consensus

KK+K+KS+V++DRPLW+PGAKAPEYLDGSLVGDYGFDPFGLGKPAEYLQFDLDSLDONLAKNLAGD I IGTRTED++DVKSSTPFQPYSEVFGLAQRFRECEL IHGRWAMLATLGALSVEWLTGVTWQDAGKVELVDGSSYLGAPLPFSITTLIWIEVL

107.71

Spinacia_oleracea_
™ LU b
ARKKRT RRRRSR . ARRKIARMAAARRIAURUARAR  ARRAKKKNAN RRRS

YPGGT-FDPLGLASDP - EKKP | LQLAE | KHARLAMVGF LGF AVQAAVTGKGP LNNWVTHLSDPLHTT I LDRFL- - - 243
YPGGKFFDPLGLAADP- K LSDPLHTTIIDTFSSS- 900

Pisum_sativum

Spinacia_oleracea /1-243

M Glycine_max_
Pisum_sativum/655-000

Glycine_max_/43-290 YPGGSYFDPLGLASDP- LSDPLHTTIIDTFSSSS 290 2860 Otyza_sétiv
Oryza_sativa_/43-290 YPGGSYFDPLGLASDP- LSDPLHTTIFDTFSSSS 20 -

Zea_mays /44-291
Solanum_lycopersicum_/41-285
Arabidopsis_thaliana /5-250

HTTIFDTFGGSS 291
YPGGSFFDPLGLAADP- Zea_mays_

YPGGKFFDPLGLAADP- LSDPLTTI IDTFSSS- 250

HTTIIDTLSS- 244 16,84 Solanum_lycopersicum_
o84

Populus_trichocarpa_/2-244 YPGGNFFDPLGLAADP -

E
E
E
E
YPGGSYFDPLGLAADP-E
E
E
E
E
D

Selaginella_mollendorfii /54-209 YPGGSYFDPLGLAADP- LSDPLHTTIIDTFSK- - 299 o
Physcomitrella_patens_/50-296 LADPLHTTIFDTFSK- - 2% Arabidopsis_thaliana_
Picea_sitchensis_/55-288 . LAMVAF L | FAIQAAVTSKGPLTLFVEF LGKR- - - - - - ------- 288
Ginko_biloba_/44-278 K -D KGPVNIFVD I LSNK- -« -« --nnnenn 8 79.81 Populus_t _
Auxenochlorella_protothecoides_/84-320 YPGGW- FDPLRLASGDDNRAF} LAM | AF LGF SVQAWTTGEGALGS LAKFATSFAG- = - <« -v---- 320
Chlamydomonas_reinhardtii_/39-280 YPGGV- FDPLKLASEDEERAFF LAMVSFFGYGVQALSTGEGALGSLAKFADGLNNGKGL- - - - - - - 280 136.31 Selaginella_mollendorii_
118.40 )
Conservation | 183.07 Phy lla_patens_
67 7 7 687 B 7 22 46 445-47424 74 787987 55 87 7955/8567/532001111------- 118.00 Picea sit
» 0 N I N . . 114.98 | - -
Consensus )\ A U t M\ f n DR L lusoo Ginko_bioba

VIGY |EFQRNAELDPEKRLYPGG+YFDPLGLAADP+EKKARLQLAE | KHARLAMVAF LGF AVQAAATGKGPLNNWATHLSDPLHTTI IDTFSSSS

23050
115.92 |
[050 I

Auxenochlorella_protothecoides_

Y - -

Supplementary Figure 4. Sequence comparison of Lhcb4 from different species and phylogeny reconstruction. a,b, Multiple sequence alignment (a) and phylogenetic tree (b) of
mature amino acid sequences of Lhcb4.1-4.2 proteins from various organisms of the Viridiplantae lineage. There are two green algae serving as an out-group (C. reinhardtii
sp|Q93WD2|CB29_CHLRE; A. protothecoides tr|AOA087SNX4|A0A087SNX4_AUXPR), in addition to two gymnosperms (G. biloba tr|S4X0Q5|S4X0Q5_GINBI; P. sitchensis tr|AANKX-
0JA9NKXO0_PICSI) and two basal land-plants (the moss P. patens tr|A9T2F8|A9T2F8_PHYPA; the lycophyte S. moellendorffii tr DBRTB9|D8RTBI_SELML). Within angiosperm lineage,
there are two monocotyledons (O. sativa tr|065217|065217_ORYSA; Z. mays tr|024561|024561_MAIZE) and six eudicotyledons (P. sativum >reftransV1_0076852_5/651-900; A.
thaliana sp|Q07473|CB4A_ARATH; G. max tr|I1J7A8|11J7A8_SOYBN; P trichocarpa tr|B9IG87|BIIG87_POPTR; S. lycopersicum tr|K4ACRS9|KACRSY_SOLLC and S. oleracea
tr|[F22293|F22293_SPIOL). Secondary structure with alpha-helix in green is based on PDB 3JCU:R (S. oleracea tr|F22293|F22293_SPIOL). Topology with respect to the thylakoid mem-
brane (transmembrane, TM; luminal, LU; stromal, ST) is based on reviewed UniProtKB Lhcb4.1 (A. thaliana sp|Q07473|CB4A_ARATH). Charged amino acid residues are highlighted with
red (negative) and purple (positive) background.
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Supplementary Figure 5. Characterization of pea PSII-LHCII supercomplexes isolated in the presence or absence of glutaraldehyde. a, Absorption spectra, normalized to the maximum in
the red region, obtained from sucrose gradient bands a3 and a3G, which contain the PSII-LHCII supercomplexes shown in Fig. 4a. b, Electron micrograph of particles contained in sucrose
gradient band a3G, negatively stained with 2% uranyl acetate, showing possible stromal connections between the paired supercomplexes (see zoom 1 and 2 of the particles indicated with
white triangles in the figure). ¢, IPBN-PAGE of thylakoid membranes (25 pg Chl) and sucrose gradient bands a3 and a3G (8 pg Chl). For comparison, bands a5 and a5G, which contain
PSII-LHCII megacomplexes shown in Fig. 4a, were also loaded. Lane M is a mixture of native high molecular weight marker (GE Healthcare) and blue dextran (Sigma-Aldrich). Labels on
the left indicate the main protein complexes of the solubilized thylakoid membranes, indexed as follows: megacomplex (mc), supercomplex (sc), trimer (t), dimer (d), monomer (m).
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Supplementary Figure 6. Molecular dynamics simulations. Root mean square fluctuations (RMSF) for the backbone atoms of the paired
C,S,M PSII-LHCII supercomplexes, evaluated for each residue at the end of the 7 ns molecular dynamics simulations. Residues are subdivided
into the PSII core (PSII), the peripheral LHCII trimers (LHCII) and the monomeric Lhcb subunits (Lhcbs).



Supplementary Video. Molecular dynamics simulations of the paired C,S,M PSII-LHCIl supercomplexes over a 7 ns timespan. Structures used for each protein component
and coloring as in Fig. 2.



Supplementary Table 1. List of LHCII proteins identified by LC-MS/MS that are present in the PSII-LHCII supercomplex preparation used for cryo-EM. For each identified protein, the table reports: the protein name (first column), the calculated molecular weight (MW, second column), the unused score (third column), selected sequences of peptides with confidence >99% (fourth column), eventual
modifications and cleavages (fifth column), the corresponding precursor ion mass (sixth column), the accession number of the protein (and reference organism) in the UniProtkB/TrEMBL database or accession number of the transcript used to derive the protein sequence (seventh column), the sequence coverage (eighth column), the percentage of identity between the sequence of the reference organism and that of P.
sativum or A. thaliana (ninth column) and the percentage of identity between the sequence of the reference organism and that of S. oleracea (tenth column).

Protein MW (Da) | Unused score Peptide sequence (confidence >99%) Modification/cleavage Precursor ion mass (m/z) | UniProtKB/transcriptome accession (reference organism) ize:f::: %1dentity with P. sativum or A. thaliana 9%1dentity with S. oleracea
VASSGSPWYGPDRVK Missed RV@13 1604,795410
FGEAVWFK Ci 1 1025,496216
GLADDPEAFAELK Cleaved L-G@N-term 1374,670898
GPLENLADHLSDPVNNNAWSYATNFVPGK 3139,499023
Lhebl 28635 805 IAGGPLGEVVDPLYPGGSFDPLGLADDPEAFAELKVK Missed K V@35 3752,903809 splPO7371|CB22_PEA (Pisum sativum ) 829% 100% sp|P07371|CB22_PEA P. sativum 89% sp|P12333|CB2A_SPIOL
WAMLGALGCVFPELLSR C: @9 1918,976440 -
NRELEVIHSR Missed R-E@2 1251,671753
LAMFSMFGFFVQAIVTGK Oxit 2008,989502
YLGPFSGESPSYLTGEFPGDYGWDTAGLSADPETFSK 3944,759033
AGSQIFSEGGLDYLGNPSLVHAQSILAIWATQVILMGAVEGYR 4531,318848
AGSQIFAEGGLDYLGNPNLIHAQSILAIWATQVVLMGFVEGYR 4619,350586
FGEAVWFK Carbamyl@N-term 1025,496216
GPIQNLYDHVADPVANNAWAFATNFVPGQ 3125495117
Lhcb2 28866 2.1 NRELEVIHSR Missed REG2 1250674753 spIP27520CB215_PEA (Pisum sativum ) 82% 100% spIP27520|CB215_PEA P. sativum _
VGGGPLGEGLDPLYPGGAFDPLGLADDPDSFAELK C 0)@20 3512,648193
SAPESIWYGPDRPK 1601,782837
WAMLGALGCTFPELLEK c )@ 1934,964478
YLGPFSEQIPSYLTGEFPGDYGWDTAGLSADPETFAR CalionK(E)@16 4091822998
INGLPDVGEGNDLYPGGQYFDPLGLADDPVTFAELK 3805,833252
GPLENLLDHLDNPVANNAWVYATK Cleaved A-G@N-term 2663,334473
YLGPFSAQTPSYLTGEFPGDYGWDTAGLSADPEAFAK Cleaved M-G@N-term 3925,792236
Lhcb3 28710 2.1 LAMFSMFGFFVQAIVTGK 1993,026978 QBIBXLIQSIBXL_PEA (Pisum sativum ) 58% 100% tr|Q5IBX1IQ5IBX1_PEA P. sativum _
VDFKEPVWFK c term; Missed K-E@4 1336,678101
WAMLGALGCITPEVLQK c @9 1886,017822
FTMGNDLWYGPDR 1570,693115
ATLQLAEIK 985,5804443
FFDPLGLAADPEKK missed K-K@13 1546,803711
FRECELIHGR missed R-E@2; Carbamidomethyl(C)@4 1315,644165
LAMVAFLGFAVQAAATGK 1764,957031
NAELDSEKR missed K-R@8 1060,513916
NLAGDVIGTR 1014,546265 ~ 92% sp|Q07473|CB4A_ARATH A. thaliana (Lhcb4.1)
Lhcbatia2 | 27481 344 BT e T TR s enes p.sativum_csfl_reftransVL_0076852_5/651-900 (Pisum sativum) | 80% 5% <plQOXFERICBAB ARATH A theline (Lhebd 2) 86% tr[F22293|F22293_SPIOL
STPFQPYTEVFGLQR 1768,877686
WAMLATLGALTVEWLTGVTWQDAGK 2717,363087
TEFEDVK 866,4006958
SAPTTDRPLWFPGAK Carbamyl@N-term 1685,856323
GPLNNWATHLSDPLHTTIIDTFSSS cleaved SF@C-term 2723,321289
FFDPLGLANDPEEKER missed K-E@14 1875,900269
Lhcba3 27537 116 GFDPLGFAKPAEYLQFDLDSLDQNLAK 3011,480225 p.sativum_csfl_reftransV/1_0068262_4/95-343 (Pisum sativum) 55% 75% SpIQIS7W1|CBAC_ARATH A. thaliana 75% tr|AOAOKIRW 58|AOAOKIRWS8_SPIOL
VEAGEVKPTPFQPYSEVFGIER 2478,242188
VRQPESDGLVWFPGAQPPEWLDGTMIGDR missed RQ@2 3252,578125
IFLPDGLLDRSEIPEYLTGEVPGDYGYDPFGLSK missed R-S@10 3771,856934
ITNGLDLEDKFHPGGPFDPLGLANDPDQAAILK missed K-F@10; Deamidated(N)@3 3488,74292
Lhcbs 25322 338 SE‘PEYLTGEVJ&Z%LZT;ELSKKPEDFAK Mmissed KK@24 32;2?;32 p.sativum_csfl_reftransVL_0087274_3/136-367 (Pisum sativum) | 71% 89% SpIQUXFEIICBS_ARATH A. thaliana 86% tr|ACAOKIQUQ7|AOAOKIQUQ7_SPIOL
YGANCGPEAVWFK Carbamidometnyl(C)@5 1497,671021
YQGYELIHAR 1248,625732
TGALLLDGGTLNYFGK cleaved K-P@C-term 1638,851929
FFDPLSLAGTIENGVYIPDTDK 2411,189453
Lhcb6 22841 137 RWVDFFNPDSQSVEWATPWSK missed R-W@1 2581,197266 p.sativum_csfl_reftransV1_0079196_5/148-357 (Pisum sativum ) 50% 88% tr|QOXFI0|QOXFI0_ARATH A. thaliana 88% sp|P36494|CB4_SPIOL
SWIPGVSFGGNLVDPEWLDGSLPGDFGFDPLGLGKDPAFLK missed K-D@35 4316,150879
TAENFVNSTGEQGYPGGK 1854,841553




Supplementary Table 2. Definition of selected parameters derived from fast fluorescence kinetic

measurements according to Strasser and Stirbet (2001)

WE= 71— ( F2ms_ FO.3ms)1/5
Fst_ FO.OSms

Model-derived value of relative variable fluorescence at 100 us calculated for
unconnected PSII units

FO.1ms - FO.OSms

Relative variable fluorescence at 100 us

W =
Fst - FO.OSms
Foms = Foosms
V=
Fy = Fo.05ms
C= Wg - W Curvature constant of initial phase of the O—J curve
Vw1 - Wg)
Fo.05ms Overall grouping probability
Pag=Cp——p—
2ms 0.05ms
Fy Connectivity parameter
_ Pag (FO.OSms_ 7
P e (P
P2g FO.OSms -1
w=1p Fy = Foosms Probability of the connectivity among PSII units
= >
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