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Photosystem II (PSII) is a huge membrane protein complex 
located in the thylakoid membranes of oxygenic photosyn-
thetic organisms, and it performs light-induced electron 

transfer reactions leading to the splitting of water into protons and 
molecular oxygen1,2. A functional PSII core from cyanobacteria 
consists of 20 protein subunits, including 17 intrinsic, transmem-
brane protein subunits and three membrane-extrinsic subunits as 
well as around 80 cofactors2–4. The structures of the cyanobacte-
rial and red algal PSII dimers have been solved by X-ray crystal-
lography at atomic resolutions3–5, and the structures of the PSII 
core in complex with its light-harvesting complexes from various 
organisms have recently been solved by cryo-electron microscopy 
(cryo-EM)6–10. However, the dynamic structure of PSII, such as 
the assembly and repair intermediates of this sophisticated protein 
machinery, remain largely unknown.

The assembly of PSII is a stepwise process involving several assem-
bly modules and intermediate complexes. It begins with the forma-
tion of the PSII–reaction centre (RC) complex from the D1 and the 
D2 modules, followed by the attachment of the CP47 module to form 
the intermediate RC47, a subcomplex lacking the CP43 module11–14. 
The addition of the CP43 module to RC47 completes the assembly 
of transmembrane subunits and leads to the formation of apo-PSII, 
an intermediate that does not exhibit the water oxidation activity11–14. 
Several different apo-PSII structures have been revealed by recent 
studies, showing the structural dynamics of the protein assembly rel-
evant to the Mn4CaO5 cluster as well as other subunits15–19.

The assembly of the water-oxidizing catalyst Mn4CaO5 cluster 
occurs through a light-driven process called photoactivation20. This 
process involves stepwise oxidation and incorporation of the Mn 

ions as well as the binding of the Ca ion into the apo-PSII to form 
a full Mn4CaO5 cluster. Three extrinsic proteins (PsbO, PsbU and 
PsbV in cyanobacteria) then attach to the lumenal surface and act 
as a cap to protect and stabilize the Mn4CaO5 cluster, resulting in 
the final, active PSII core. During the assembly and/or repair of 
PSII, there are a number of auxiliary subunits that associate with 
the intermediate PSII complex and are detached from the final 
functional PSII once it is matured11,14,21–23. One such component is 
Psb27, a small lumen-localized protein associated with the inactive 
PSII24,25. This protein has been shown to facilitate the assembly of 
the Mn4CaO5 cluster by preventing the binding of extrinsic proteins 
(PsbO, PsbU and PsbV) and stabilizing a structural arrangement for 
photoactivation18,19,25,26.

Another similar auxiliary subunit is Psb28, which is a soluble 
protein with a molecular weight of 13 kDa and is found in cyano-
bacteria and chloroplasts11,14,19,21,23,27. In Synechocystis sp. PCC 6803, 
there are two Psb28 homologues, Psb28-1 (encoded by sll1398) 
and Psb28-2 (encoded by slr1739)13,24. Psb28-1 (also called Psb13 
or Ycf79) was originally identified as a peripheral protein associ-
ated with PSII in a substoichiometric amount24; it was subsequently 
shown to be an assembly cofactor involved in the biogenesis of 
PSII and maintenance of PSII activity during heat stress28,29. Psb28-
1, instead of Psb28-2, preferentially binds to the cytoplasmic sur-
face of PSII close to the CP47 and PsbH subunits, although both 
Psb28-1 and Psb28-2 associate with the monomeric PSII and RC47 
complex13,14,27–30. Homologues of Psb28 were also found in algae 
and vascular plants, but few functional studies have been con-
ducted27, except that the knockout of Psb28 (encoded by the gene 
Os01g71190) in Oryza sativa leads to a pale green phenotype31.
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In the past few years, many different types of PSII intermedi-
ates associated with Psb28 have been purified from cyanobacte-
ria in a number of different biochemical preparations unable to 
evolve oxygen13,28–30,32–36. Intriguingly, in some of these prepara-
tions13,32, Psb28 and CP47 were co-purified with stress-induced 
small chlorophyll a/b-binding (CAB)-like proteins (SCPs), 
which are also called high-light-induced proteins (HLIPs) and 
are associated most prominently with the monomeric form of 
PSII37–39. These findings suggest that Psb28 might stabilize the asso-
ciation of SCPs with CP47 in monomeric PSII complexes under  
stress conditions.

The structure of isolated Psb28 has been solved by both nuclear 
magnetic resonance (NMR)40 and X-ray crystallography41, and its 
association with PSII assembly intermediates has been studied by 
various techniques28,35. These studies have suggested that Psb28 
binds to the cytoplasmic surface of PSII near the α- and β-subunits 
of cytochrome b559 and PsbH. However, the exact binding site and 
functions of Psb28 are unknown. Very recently, the structure of a 
PSII assembly intermediate containing Psb27, Psb28 and Tsl0063 
from a psbJ-deletion mutant was solved by cryo-EM, showing the 
binding sites of Psb28 and Tsl0063 (a small transmembrane poly-
peptide that is sometimes termed Psb34)19.
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Fig. 1 | Overall structures of the Psb28–RC47 and Psb28–PSII complexes from T. vulcanus. a,b, Surface representations of the Psb28–RC47 (a) and 
Psb28–PSII (b) monomers viewed along the membrane plane. c,d, Side views of the Psb28–RC47 (c) and Psb28–PSII (d) monomers along the membrane 
plane. e,f, Top views of the Psb28–RC47 (e) and Psb28–PSII (f) monomers from the stromal side.
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To examine the binding site and functions of Psb28 in the assem-
bly and repair of PSII more extensively, we purified Psb28-associated 
RC47 and PSII assembly intermediates from a PsbV-deletion mutant 
strain and a wild-type (WT) strain carrying His-tagged Psb28 from 
a thermophilic cyanobacterium, Thermosynechococcus vulcanus, 
and analysed their structures by single-particle cryo-EM at a resolu-
tion of 3.14 Å for both intermediates. The location and binding fea-
tures of Psb28 and Tsl0063, together with an unidentified subunit, 
within these two PSII intermediates are revealed, which shed light 

on the regulatory roles of Psb28 and Tsl0063 in the PSII assembly 
and repair cycle.

Results
Purification and properties of Psb28–RC47 and Psb28–PSII. 
The Psb28-containing PSII complex was isolated by a Ni-affinity 
column from a HisPsb28-ΔPsbV strain lacking the extrinsic PsbV 
subunit (Supplementary Fig. 1 and Supplementary Table 1), since 
this strain gave rise to a higher amount of PSII assembly/repair 
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Fig. 2 | Interactions between Psb28 and the PSII core in Psb28–RC47. a, Side view of the whole Psb28–RC47 complex, showing the binding site of 
Psb28 (highlighted with dotted boxes). b,c, Enlarged views of the binding area (blue box in a), showing the presence of possible hydrogen bonds (b) and 
hydrophobic interactions (c) between Psb28 and the D1 and D2 subunits. d,e, Enlarged views of the of binding area (magenta box in a), showing the 
presence of possible hydrogen bonds (d) and hydrophobic interactions (e) between Psb28 and CP47. The amino acid residues involved in the interactions 
are shown as sticks and coloured green in Psb28, yellow in D1, marine in D2 and salmon in CP47. The possible hydrogen bonds in b and d are shown in 
dashed lines, and the numbers near the dashed lines indicate bond lengths in Å.
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intermediates having Psb28 than that of the WT18,42. Three peaks 
were eluted from a Ni-affinity column of n-dodecyl-β-d-maltoside 
(β-DDM)-solubilized thylakoid membranes (Extended Data Fig. 1a).  
Analyses by SDS–polyacrylamide gel electrophoresis (SDS–PAGE), 
blue-native PAGE (BN–PAGE) and western blotting showed that 
fraction III was a Psb28-enriched PSII preparation, which consists 
of D1, D2, CP47, CP43, His-Psb28 and some small PSII subunits 
(Extended Data Fig. 1b–d). Notably, an additional PSII assembly 
cofactor, the product of a hypothetical open reading frame tsl0063, 
was detected in fraction III (Extended Data Fig. 1d), but three 
extrinsic subunits (PsbO, PsbV and PsbU) are absent in this frac-
tion. BN–PAGE showed the presence of two major bands, band-1 
and band-2, in this fraction. Band-1 migrates to the same position 
as that of PSII monomer, whereas band-2 has a molecular weight 
lower than that of band-1, suggesting that fraction III is a mixture of 
two monomeric PSII intermediates (Extended Data Fig. 1c). Among 
these bands, band-1 is composed of D1, D2, CP47, CP43, Psb28 and 
some small PSII subunits, whereas band-2 lacks the CP43 subunit, 
as confirmed by two-dimensional (2D) electrophoresis (Extended 
Data Fig. 1g). We therefore named the complexes in band-1 and 
band-2 as Psb28–PSII and Psb28–RC47, respectively.

The mixture of Psb28–PSII and Psb28–RC47 complexes in 
fraction III was further separated by an anion exchange column 
(Extended Data Fig. 2a), from which four fractions were obtained 
(fractions 1–4). Analyses by SDS–PAGE and BN–PAGE showed 
that fractions 1–3 are enriched in Psb28–PSII, whereas fraction 4 
is enriched in Psb28–RC47 (Extended Data Fig. 2b,c). However, the 
two types of complexes were not completely separated; Psb28–PSII 
was predominantly found in the earlier fractions, whereas Psb28–
RC47 was more abundant in the later fractions.

The Psb28-associated PSII complex was also isolated from the 
HisPsb28-WT strain and characterized (Extended Data Fig. 1e–g). 
The elution pattern of the HisPsb28-WT strain from the Ni-affinity 
column is similar to that of the HisPsb28-ΔPsbV strain, exhibit-
ing three peaks (Extended Data Fig. 1e). Among them, fraction III 
contained Psb28-associated PSII and RC47, which had similar com-
positions of protein subunits as that found from HisPsb28-ΔPsbV 
(Extended Data Fig. 1f,g). This reveals that there are numerous 
PSII subparticles involved in the assembly process in both ΔPsbV 
and WT strains. However, the relative contents of Psb28–PSII and 
Psb28–RC47 were different in fraction III. More Psb28–PSII was 
purified from HisPsb28-ΔPsbV, whereas Psb28–RC47 was more 
abundant than Psb28–PSII in the HisPsb28-WT strain (Extended 
Data Fig. 1c,f). Additionally, Psb27, an assembly/repair cofac-
tor, was observed in a substoichiometric amount in fraction III 
of the HisPsb28-WT strain but not in the HisPsb28-ΔPsbV strain 
(Extended Data Fig. 1g).

Overall structure of the Psb28–RC47 and Psb28–PSII complexes. 
We collected 3,461 and 2,207 cryo-EM micrographs of the mono-
meric, Psb28-associated PSII complexes Psb28–RC47 and Psb28–
PSII purified from the HisPsb28-ΔPsbV strain (Supplementary 
Figs. 2 and 3). After several rounds of two-dimensional (2D) and 3D 
classification (Supplementary Figs. 2 and 3), 241,790 and 194,738 
particles were selected for final 3D auto-refine, which yielded 
a cryo-EM map with an overall resolution of 3.14 Å for both the 
Psb28–RC47 and Psb28–PSII complexes (Supplementary Table 2).

Both Psb28–RC47 and Psb28–PSII are monomeric intermedi-
ates containing 14 and 18 protein subunits, respectively (Fig. 1 and 
Extended Data Fig. 3). In the Psb28–RC47 complex (Fig. 1a,c,e), 
11 of these 14 subunits include 3 large intrinsic transmembrane 
subunits (D1, D2 and CP47) and 8 low-molecular-mass intrinsic 
transmembrane subunits (PsbE, PsbF, PsbH, PsbI, PsbL, PsbM, 
PsbT and PsbX), which are present in the native PSII3,4. On the 
basis of the cryo-EM density, we were able to build the structure 
of the extrinsic subunit Psb28, which is located at the stromal  

surface over the top of D1, D2 and CP47. We also identified densi-
ties corresponding to two protein subunits with one transmembrane 
helix each, marked as Tsl0063 and unidentified transmembrane 
protein (UTP). The Tsl0063 subunit is encoded by the gene tsl0063 
and has sequence similarity to proteins of the CAB/ELIP/HLIP 
and light-harvesting-protein-like family39 (Extended Data Fig. 4). 
However, no chlorophylls are found in Tsl0063 in the Psb28–RC47 
and Psb28–PSII complexes. The second transmembrane helix pro-
tein subunit, denoted UTP, has a lower quality of cryo-EM density, 
so its sequences were not identified and were tentatively assigned as 
poly-alanines in the structure. It may be a second copy of Tsl0063 
but may also be a different subunit.

The Psb28–PSII complex contains all subunits that are found in 
Psb28–RC47 with the addition of the CP43, PsbK, Psb30 and PsbZ 
subunits (Fig. 1b,d,f). The root mean square deviation values of the 
Cα backbone between the Psb28–RC47 and Psb28–PSII cores (not 
including the four subunits present in Psb28–PSII only), Psb28–
RC47 and the monomer of native PSII (PDB: 3WU2) (includ-
ing only the same subunits present in both the native PSII and 
Psb28–RC47), and Psb28–PSII and monomeric PSII (PDB: 3WU2) 
(including only the same subunits present in both the native PSII 
and Psb28–PSII) are 0.252 Å, 0.489 Å and 0.688 Å, respectively, indi-
cating that the subunits shared by the Psb28–RC47 and Psb28–PSII 
complexes have similar structures (Extended Data Fig. 5) and are 
also similar to those of native PSII.

The extrinsic subunits PsbO, PsbV and PsbU present in the 
native PSII3,4 are absent in both the Psb28–RC47 and Psb28–
PSII complexes, consistent with the above SDS–PAGE analysis 
(Extended Data Figs. 1 and 2). PsbJ and PsbY were also not found 
in the cryo-EM structure, suggesting that they were lost during the 
sample purification owing to their loose association with the PSII 
core (Extended Data Fig. 1d). The loose association of PsbY with 

Table 1 | Hydrogen bonds involved in the interactions 
between the Psb28 and Tsl0063 subunits and the PSII core in 
Psb28–RC47

Amino acid residue 1 Amino acid residue 2 Distance (Å)

Psb28-Ala70 D1-His252 3.0, 3.1

Psb28-Phe72 D1-Ala250 2.8

Psb28-Asn74 D1-Asn247 2.7

Psb28-Leu49 D2-Arg233 2.4

Psb28-Glu50 D2-Asn236 3.2, 3.3

Psb28-Leu23 CP47-Trp493 2.9

Psb28-Arg25 CP47-Val491 3.2

Psb28-Arg27 CP47-Glu489 3.5

Psb28-Ser31 CP47-Glu485 2.6

Psb28-Ser113 CP47-Trp493 2.5

Tsl0063-Glu7 D1-Ile224 3.4

Tsl0063-Leu11 CP47-Gly2 3.1

Tsl0063-Leu11 CP47-Arg7 2.9

Tsl0063-Asn13 PsbL-Gln8 3.2, 3.3

Tsl0063-Asn13 CP47-Arg472 3.2

Tsl0063-Ala15 CP47-Asn14 3.5

Tsl0063-Ala15 CP47-Arg476 3.1

Tsl0063-Glu17 CP47-Arg476 3.3

Tsl0063-Tyr21 PsbH-Gly19 3.2

Tsl0063-Tyr21 PsbH-Val21 2.9

Tsl0063-Ala23 PsbH-Val21 2.7
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PSII has been shown in native PSII3,4, whereas the loss of PsbJ may 
be related to the assembly/repair process. In addition to the protein 
subunits, we identified 22 chlorophylls, 6 carotenoids, 2 pheophy-
tins, 1 haem, 1 chloride ion and a number of other cofactors and 
lipids in the Psb28–RC47 monomer, and we additionally found 13 

chlorophylls, 3 carotenoids and 1 chloride ion in the Psb28–PSII 
monomer (Extended Data Fig. 3 and Supplementary Table 3). 
No electron density corresponding to the Mn4CaO5 cluster was 
observed in these two complexes, indicating the premature nature 
of the intermediate PSII.
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Interactions between Psb28 and the PSII core. The cryo-EM 
structure of Psb28 in both Psb28–RC47 and Psb28–PSII is com-
posed of seven β-strands, one long α-helix and one short α-helix, 
which is similar to the reported solution and crystal structures 
of recombinant Psb28 from cyanobacteria Synechocystis sp. PCC 
6803 and T. elongatus, solved by NMR and X-ray crystallography, 
respectively40,41 (Extended Data Fig. 6). In the cryo-EM structure 
of Psb28, the loop regions between β2 and β3 and between β6 
and β7 are slightly shifted, and the C-terminus is located in a dif-
ferent direction from that in the crystal structure of recombinant  
T. elongatus Psb28 (Extended Data Fig. 6). These structural changes 
may be important in the interactions of Psb28 with the PSII core in 
the assembly intermediates.

The interactions between Psb28 and the PSII core were analysed 
in the Psb28–RC47 complex (Fig. 2). Psb28 binds to the PSII core 
by associating with D1, D2 and CP47 directly at the cytoplasmic 
surface of PSII (Fig. 2a), which is partly consistent with the previ-
ous predictions obtained by biochemical analysis28. The main inter-
actions between Psb28 and D1, D2 and CP47 are found between 
Psb28 and the helix regions of the D1 D–E loop, the D2 D–E loop 
and the CP47 C-terminus. A large number of hydrogen bonds are 
found between the residues of Psb28 and those of the D1, D2 and 

CP47 subunits (Fig. 2b,d and Table 1). Furthermore, there are two 
regions that form a number of hydrophobic interactions between 
residues of Psb28 and D1, D2 and CP47 (Fig. 2c,e), which may con-
tribute to the stable binding of Psb28 in the PSII intermediate. One 
of these regions consists of the residues D1-Leu223 to D1-Ile224, 
D1-Ile248 to D1-Ala251, D1-Tyr254 to D1-Phe255, D2-Phe232 and 
D2-Ala234 to D2-Phe235, together with Psb28-Ile43 to Psb28-Val44, 
Psb28-Gly47, Psb28-Val51, Psb28-Val68, Psb28-Phe72, Psb28-Ile73 
and Psb28-Ile80. The other region is formed by the C-terminal resi-
dues of CP47 (CP47-Val491, CP47-Trp493 and CP47-Phe495) and 
the N-terminal and C-terminal residues of Psb28 (Psb28-Val21, 
Psb28-Leu23, Psb28-Ala26, Psb28-Trp92, Psb28-Ile96, 
Psb28-Met99, Psb28-Ala103, Psb28-Leu108 and Psb28-Phe110). In 
spite of these interactions and the hydrogen bonds formed between 
residues Asn247, Ala250 and His252 of D1 and residues Asn74, 
Phe72 and Ala70 of Psb28, the regions before and after this binding 
area (D1-Glu231–Tyr246 and D1-Leu258–Ser270) are more flexible 
because part of the helices in these regions in the native PSII are 
changed to loops in Psb28–RC47 and Psb28–PSII, which results in 
a lower resolution in the cryo-EM density map (Fig. 3c).

Similar interactions of Psb28 with the PSII intrinsic subunits 
were observed in Psb28–PSII, and there were no interactions  
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Fig. 4 | Interactions between Tsl0063 and the PSII core in Psb28–RC47. a–c, Relative positions of Tsl0063 and other subunits involved in the interactions 
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between Psb28 and CP43, PsbK, Psb30 or PsbZ (Extended Data Fig. 5).  
These results suggest that Psb28 strongly binds to the PSII core in 
the RC47 assembly intermediate, which leads to a conformational 
change of the PSII core during PSII assembly or repair.

Interactions between Tsl0063 and the PSII core. Two subunits, 
Tsl0063 and UTP, are located close to CP47 and PsbH of Psb28–
RC47 and Psb28–PSII in an opposite orientation with each other 
(Fig. 1). Tsl0063 has a very long N-terminal loop at the stromal 
side and interacts with D1, CP47, PsbH and PsbL through the 
N-terminal loop (Fig. 4). Hydrogen bonds are found between  
the residues of Tsl0063 and the D1, CP47, PsbL and PsbH subunits 
(Fig. 4d and Table 1). In addition, hydrophobic interactions are 
found between residues of the N-terminal loop of Tsl0063 and resi-
dues of PsbH and CP47, which may also contribute to the binding 
of Tsl0063 to the PSII core (Fig. 4e). UTP is located near Tsl0063 and 
may interact with PsbH and CP47; however, their exact interaction 

sites could not be determined, as the residues of UTP were assigned 
as alanines and not identified due to the limited resolution.

Differences in the structures of Psb28–PSII and native PSII. 
Since the Psb28–RC47 complex has a similar structure as the RC47 
module of the Psb28–PSII complex (root mean square deviation 
value, 0.252 Å) (Extended Data Fig. 5), we compared the structure 
of Psb28–PSII including the CP43 module with that of native PSII 
to show a complete picture of the structural differences (Fig. 3). As 
expected, the overall structure of the core intrinsic subunits is simi-
lar between Psb28–PSII and native PSII. However, the monomeric 
Psb28–PSII exhibits some distinct differences in the structures of 
parts of the D1, D2, CP43, CP47, PsbK, Psb30 and PsbZ subunits 
compared with those of native PSII, as described below (Fig. 3c–i 
and Extended Data Fig. 7).

First, the D–E loop regions of D1 and D2 are important to main-
taining the structural conformation at the stromal side in the native 
PSII. In particular, residues D1-His215, D1-Glu244, D1-Tyr246, 
D1-Phe265, D1-His272, D2-His214, D2-Glu241, D2-Tyr244, 
D2-Trp253, D2-Phe261 and D2-His268 are involved in the bind-
ing of the cofactors QA, QB, bicarbonate ion and non-haem iron3,4. 
However, the structures of the D–E loop regions of D1 (Arg225–
Arg269) and D2 (Asp225–Glu242) are shifted relative to their posi-
tions in native PSII due to the binding of Psb28 in the Psb28–PSII 
intermediate complex (Extended Data Fig. 8). This leads to confor-
mational changes at the QA and QB binding sites as well as altera-
tions in the coordination and the hydrogen-bond networks around 
the non-haem iron (Fig. 5a). Specifically, D1-Phe265 and the bicar-
bonate ion become invisible, and the original site of the bicarbonate 
is replaced by the residue D2-Glu241 at the acceptor side of Psb28–
PSII. Two residues, D1-Glu244 and D1-Tyr246, that ligate the bicar-
bonate ion in the native PSII3,4 also became difficult to recognize in 
the cryo-EM density map, probably due to the increased flexibility 
of these regions.

Second, in the PSII donor side, the structure around the 
Mn4CaO5 cluster of Psb28–PSII exhibits larger differences than 
that of native PSII (Fig. 5b). The D1 C-terminal region, which con-
tains the residues coordinated to the Mn4CaO5 cluster in the native 
PSII3,4, shifts away from the cluster, and the region from Arg334 was 
not visible in Psb28–PSII, probably due to its higher flexibility in 
the absence of the Mn4CaO5 cluster. Thus, among the seven resi-
dues that coordinate the Mn4CaO5 cluster in the native PSII3,4, two 
residues, D1-Asp342 and D1-Ala344, could not be modelled due to 
the lack of apparent electron density. D1-Glu189 and D1-Asp170 
are in similar locations as those in the native PSII, whereas dramatic 
changes in the positions of D1-His332 and D1-Glu333 are found 
in the Psb28–PSII intermediate (Fig. 5b). The residue D1-His332 
shifts away from the Mn4CaO5 cluster and interacts with the nearby 
Cl−-1 ion, and D1-Glu333 moves towards the lumenal side. This 
alters the coordination of Cl−-1 compared with that in the native 
PSII. CP43-Glu354 is also shifted away from the Mn4CaO5 clus-
ter together with the rest of the soluble helix domain of CP43. In 
addition to the residues that ligate the Mn4CaO5 cluster, residues 
D1-Asp61, D2-Lys317 and CP43-Arg357, as well as the Cl−-2 ion, 
also shifted slightly relative to their positions in the native PSII. 
This may reflect the structural conformation of the PSII donor side 
before the formation of the mature PSII.

Third, the regions of D1-Asn12 to D1-Arg16, D1-Asn298 
to D1-Asn301, D1-Ala309 to D1-Gly311, CP47-Arg384 to 
CP47-Ser388 and CP47-Ser480 to CP47-Phe495 are shifted relative 
to their positions in the native PSII (Fig. 3c,e). The C-terminal resi-
due Ala351 of D2 turns towards the lumenal side (Fig. 3d). The loop 
regions of Glu231 to Thr246 and Leu258 to Ser270 of D1 are not 
resolved in the cryo-EM density map. All these changes may be cor-
related with the binding of Psb28 and Tsl0063 and the loss of extrin-
sic subunits at the lumenal side in the PSII assembly intermediate. 
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Fig. 5 | Structural changes around the non-haem ion and the Mn4CaO5 
cluster between Psb28–PSII and native PSII. a,b, Superposition of the 
subunits and cofactors at the acceptor side (a) and donor side (b) between 
Psb28–PSII and native PSII (PDB ID code: 3WU2). The amino acid residues 
in native PSII are coloured in grey, and those of Psb28–PSII are coloured as 
in Fig. 1. Residues labelled in blue have a poor electron density in Psb28–
PSII, and residues labelled in red have substantial structural changes in 
Psb28–PSII compared with their counterparts in native PSII.

Nature Plants | VOL 7 | August 2021 | 1132–1142 | www.nature.com/natureplants1138

https://dx.doi.org/10.2210/pdb3WU2/pdb
http://www.nature.com/natureplants


ArticlesNaTuRE PlanTS

In addition, slight shifts of helices are observed in the CP43, PsbK, 
Psb30 and PsbZ subunits (Fig. 3f–i) of the Psb28–PSII complex, 
indicating that these subunits may also be involved in the assembly 
process of PSII.

Discussion
Psb28–RC47 and Psb28–PSII are PSII assembly intermediates that 
lack the Mn4CaO5 cluster and three extrinsic proteins and do not 
have any oxygen-evolving activity. The cryo-EM structures of these 
two complexes from T. vulcanus showed the binding of Psb28 and 
Tsl0063, two cofactors required for the assembly of mature PSII. 
The cofactor Psb28 has been reported previously, whereas the 
cofactor Tsl0063 has been found in the present study and in a very 
recent study19. While one copy of Tsl0063 was found in the previous 
study19, we found one copy of Tsl0063 and one copy of an unidenti-
fied transmembrane protein subunit in the immediate vicinity of 
Tsl0063. The exact sequences of the second copy could not be iden-
tified unambiguously, so this second copy may be another Tsl0063, 
another homologous subunit in the CAB/ELIP/HLIP protein fam-
ily or a homologous subunit of a recently reported cyanobacterial 
Psb35 (ref. 43). Tsl0063 was named Psb34 by Zabret et al.19; how-
ever, the name Psb34 had already been used for a PSII transmem-
brane subunit found in diatom PSII7. Given that the name Psb35 
has recently been used for another subunit43, another name such as 
Psb36 should be used for Tsl0063.

Psb28–RC47 lacks CP43, PsbK, Psb30 and PsbZ, whereas 
Psb28–PSII has these four subunits attached. This supports the 
view that D1, D2 and CP47 first assemble into a pre-complex, fol-
lowed by the assembly of CP43 and several other small subunits11–14. 
While Psb28–RC47 has a similar structural arrangement as that of 
Psb28–PSII, the additional CP43, PsbK, Psb30 and PsbZ subunits 
in Psb28–PSII are shifted away from D1 in comparison with their 
counterparts in the native PSII. This indicates the loose binding of 
these subunits in Psb28–PSII as well as the necessity of their struc-
tural changes during the full assembly of the native PSII.

Psb28 was found to be anchored on the cytoplasmic surface of 
PSII by interacting with D1, D2 and CP47. In particular, the region 
from Asn247 to Gly253 of D1, the region from Phe232 to Asn236 of 
D2 and the C-terminal region of CP47 were found to play important 
roles in the binding of Psb28 to PSII. These interactions are largely 
similar to the results reported very recently19. However, in that report, 
Psb27 (another assembly cofactor of PSII) was associated at the lume-
nal side, which is absent in the present PSII assembly intermediate. 
Although Psb27–PSII was also found in part of the ΔPsbV strain in 
the present and previous studies18,42, it does not bind to the PSII com-
plex to which Psb28 was bound. This indicates that Psb28 and Psb27 
may aid the assembly of PSII intermediates in different processes.

Tsl0063 has a high sequence similarity to CAB/ELIP/HLIP 
family proteins of cyanobacteria. The CAB/ELIP/HLIP family 

proteins have been shown to support numerous functions such as 
the regulation of chlorophyll biosynthesis44,45, the transient bind-
ing of chlorophylls and carotenoids46–48, chlorophyll turnover49, 
non-photochemical energy quenching50, and the prevention of the 
formation of singlet oxygen51,52. Most of these functions are related 
to pigments (chlorophylls or carotenoids) during pigment–protein 
synthesis and assembly39. In contrast, Tsl0063 does not bind chloro-
phylls; this suggests that it may be involved in other functions that 
are independent of pigment biosynthesis and binding during the 
assembly of PSII. Indeed, Tsl0063 has strong interactions with CP47 
as well as D1, PsbH and PsbL in the stromal side of PSII. Tsl0063 
may thus play an important role in stabilizing the CP47-containing 
complex or maintaining a structural conformation that enables the 
binding of Psb28 during the PSII assembly cycle.

Large structural changes of the D–E region (Arg225–Arg269) of 
D1 and the D–E region (Asp225–Glu242) of D2 are observed in 
the Psb28–PSII intermediate compared with the native PSII, due 
to the binding of Psb28. This leads to conformational changes at 
the QA and QB binding sites as well as alterations of coordination 
and the hydrogen-bond networks around the non-haem iron. Such 
structural changes may not only slow down the electron transfer 
to the plastoquinone pool but also change the potential of QA/QA

−• 
to a more positive value, as suggested previously53. This positive 
shift is predicted to increase the energy gap between P680

+•/QA
−• and 

P680
+•/Pheo−•, which may decrease the back-reactions via the P680

+•/
Pheo−• recombination route and reduce the formation of the RC 
triplet state53. This may lead to a decrease in the production of 1O2, 
a product causing photodamage. The Psb28- and Tsl0063-induced 
conformational changes may therefore benefit the protection of the 
premature PSII from photodamage.

The structure of the donor side of Psb28–PSII represents the 
Mn4CaO5 binding site before its binding. Large structural changes 
of the donor side were found in the Psb28–PSII intermediate com-
pared with that of the native PSII; these changes were similar to 
those of a recently reported apo-monomeric PSII from Synechocystis 
PCC 6803 (ref. 16). The disorder of the coordinating residues of the 
Mn4CaO5 cluster observed in Psb28–PSII is also in line with the 
structure observed for Psb27–PSII18,19,54. In addition, the C-terminal 
residue Ala351 of D2 turns towards the lumenal side, resulting in 
the breakage of the interactions between D2 and PsbU seen in the 
native PSII, which may be one of the reasons for the inability of 
PsbU to bind to PSII. The C-terminal helix of CP47 in native PSII 
is changed to a loop in the Psb28–RC47 and Psb28–PSII interme-
diates due to interactions with the Psb28 subunit, whereas struc-
tural changes in the region of CP47-Arg384 to CP47-Ser388 remain 
unknown.

On the basis of the above results, we propose a schematic model 
for the assembly of PSII (Fig. 6), combining the current structural 
information with the results of previous studies12,14,27,34,35,54,55. In the 
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early steps of PSII assembly, one Psb28 and one Tsl0063 subunit 
bind to PSII to form the RC47 complex, which has a protein compo-
sition as shown in the present cryo-EM structure. Subsequently, the 
CP43 module consisting of CP43, PsbK, Psb30 and PsbZ is attached, 
and then Psb27 binds to the CP43 module at the lumenal side, lead-
ing to the formation of the monomeric Psb28–Psb27–Tsl0063–PSII 
complex. Finally, Psb28 and Tsl0063 are detached, followed by the 
assembly of the Mn4CaO5 cluster, the dissociation of Psb27 and the 
insertion of PsbJ as well as the attachment of the three extrinsic 
proteins to form an active dimer. However, it is not clear how and 
when Psb28, Tsl0063 and Psb27 are released during the assembly. It 
has been suggested that the conformational rearrangement of the 
lumenal domain of CP43 plays an important role in the dissociation 
of Psb27 (refs. 14,55), and the incorporation of the Mn4CaO5 cluster 
might trigger this dynamic rearrangement. It was proposed that the 
Psb28 dissociation occurs before the binding of Psb27 on the basis 
of the result that the purified, His-tagged Psb27–PSII complex lacks 
Psb28 (ref. 35), but how Psb28 and Tsl0063 are detached from the 
assembly intermediate remains elusive. Strong interactions between 
Psb28 and PSII are found in the assembly intermediate, which 
means that PSII needs to undergo substantial structural changes to 
dissociate from Psb28. Finally, the identity and role of the unidenti-
fied subunit in the assembly of PSII remain to be clarified.

In conclusion, both structures of Psb28–RC47 and Psb28–PSII 
contain one Psb28 and one Tsl0063 subunit, as well as one UTP. 
Psb28 mainly interacts with D1, D2 and CP47, whereas Tsl0063 
interacts with D1, CP47, PsbH and PsbL. Our results reveal the 
structural and functional relationships between the assembly fac-
tors Psb28, Tsl0063 and the PSII core and provide important struc-
tural insights into the assembly process of native PSII.

Methods
Construction of His-tagged psb28 strains and culture. To facilitate the 
purification of PSII assembly intermediates associated with Psb28, a hexa-histidine 
tag was attached to the C-terminus of the Psb28 protein. To generate the 
His-tagged Psb28 strain of T. vulcanus, a His-psb28-pUC18 plasmid vector, which 
includes a His6 tag at the downstream of psb28, a chloramphenicol-resistant 
gene cassette and the upstream and downstream of psb28 for homologous 
recombination, was constructed as follows (Supplementary Fig. 1a). First, a 
5′-flanking region containing the psb28 gene fragment was amplified from the 
genome of T. vulcanus by PCR using the F-1 and R-1 primers (Supplementary 
Table 1). Second, using this 5′-flanking region as the template, a PCR fragment 
containing a 5′-flanking region, the psb28 gene and the His6 tag was amplified 
using the F-1 and R-His (containing the sequence of the His6 tag) primers (the 
5′-flanking region containing the psb28-His-tag fragment). Third, the 3′-flanking 
fragment of the psb28 gene was amplified from the genome of T. vulcanus using F-2 
and R-2 as primers, and a chloramphenicol-resistant gene cassette was amplified 
from the CDFDuet-1 plasmid using F-3 and R-3 as primers (Supplementary Table 1).  
All the PCR fragments obtained were purified by a DNA gel extraction kit 
(Axygen) and cloned into the pUC18 plasmid with the chloramphenicol-resistant 
gene cassette located between the His tag and the 3′-flanking fragment. This 
plasmid was named His-psb28-pUC18 and introduced into the WT and 
psbV-deleted mutant (ΔPsbV)42 cells of T. vulcanus by natural transformation as 
described previously56,57. After the appearance of the transformants in two to five 
weeks, the clones were segregated by growing on agar plates containing 5 μg ml−1 
chloramphenicol at least three times.

To confirm the transformed T. vulcanus cells, DNA was amplified by PCR with 
primers F and R, and the products obtained were analysed by electrophoresis as 
well as DNA sequencing. The WT, ΔPsbV, HisPsb28-WT and HisPsb28-ΔPsbV 
cells were grown in a medium described in Xiao et al.42 and bubbled with air 
containing 3–5% (v/v) CO2 at 45 °C under continuous light.

Preparation of PSII core and assembly intermediate complexes. The PSII core 
complexes from WT cells were prepared using the protocol of Shen et al.58.  
His-tagged PSII assembly intermediate complexes were purified from HisPsb28-WT  
or HisPsb28-ΔPsbV strains using a Ni-affinity column. The thylakoids were 
solubilized by 1% β-DDM (w/v), and the solubilized membranes were loaded 
onto a Ni-Sepharose HP column, followed by elution as described in Sugiura and 
Inoue59. The Psb28-containing PSII assembly intermediate was further purified 
by a MonoQ anion exchange column, which had been equilibrated with 30 mM 
HEPES-NaOH (pH 8.0), 3 mM CaCl2, 0.03% β-DDM (w/v) and 5% glycerol (w/v), 
followed by elution with a linear gradient of NaCl. The eluted PSII intermediates 
were concentrated to a chlorophyll concentration above 1 mg chlorophyll per ml 

using a 100 kDa cut-off membrane concentrator, and they were stored in 40 mM 
MES-NaOH (pH 6.5), 10 mM NaCl, 10 mM CaCl2, 10 mM MgCl2, 0.03% β-DDM 
(w/v) and 25% glycerol (w/v) until use.

Biochemical analysis. The protein composition of the purified PSII assembly 
intermediate was analysed by SDS–PAGE with a 16% polyacrylamide gel 
containing 7.5 M urea60. For analysis of the PSII dimer and monomer, BN–PAGE 
was performed according to Kawakami et al.61. For analysis of the Tsl0063 
and PsbJ subunits, Tricine SDS–PAGE was used according to Schägger62. For 
immunoblotting, proteins on the gel were transferred to a polyvinylidene fluoride 
membrane and incubated with the antibodies against the respective proteins. The 
subunit bands were visualized by enhanced chemiluminescence (Biostep) after 
incubation with a horseradish-peroxidase-conjugated secondary antibody. The 
primary antibody against His-tag (A02051) was purchased from Abbkine, and the 
primary antibodies against D1 (AS05084), D2 (AS06146), PsbO (AS06142-33) and 
the horseradish-peroxidase-conjugated secondary antibody (goat anti-rabbit IgG) 
(AS09602) were purchased from Agrisera. The primary antibodies against Psb27, 
PsbJ and Tsl0063 were custom-made by Genscript.

Mass spectrometry (MS) analysis was performed as described in Shen et al.9. 
Targeted protein bands were excised from Coomassie-brilliant-blue-stained 
SDS–PAGE gel and digested using sequencing grade-modified trypsin in 50 mM 
ammonium bicarbonate at 37 °C. The peptides were extracted twice with 1% 
trifluoroacetic acid in 50% acetonitrile aqueous solution for 30 min. For liquid 
chromatography with tandem MS (LC-MS/MS) analysis, the peptides were 
separated using a 120 min gradient elution at a flow rate of 0.30 μl min−1 with a 
Thermo-Dionex Ultimate 3000 HPLC system, which was directly interfaced with 
the Thermo Orbitrap Fusion mass spectrometer. The analytical column was a 
fused silica capillary column (75 μm inner diameter, 150 mm length; Upchurch) 
packed with C-18 resin. The MS/MS spectra from each LC-MS/MS run were 
searched against the selected database using the Proteome Discovery searching 
algorithm (version 1.4).

Cryo-EM sample preparation and data collection. In the mixture samples of 
Psb28–PSII and Psb28–RC47, the samples with a high proportion of Psb28–PSII 
and a high proportion of Psb28–RC47 were used for the collection of the Psb28–
PSII and Psb28–RC47 cryo-EM micrographs, respectively. A droplet of 4 μl of the 
Psb28–PSII and Psb28–RC47 mixture sample at a concentration of around 1.4 mg 
chlorophyll per ml was applied to a glow-discharged Quantifoil holey carbon 
Cu grid (R 1.2/1.3, 400 mesh), and plunged into liquid ethane at around 100 K 
using a FEI Vitrobot Mark IV. The parameters were set as follows: blotting time, 
5 s to 6 s; blotting force level, 0; humidity, 100%; and temperature, 8 °C. Sample 
screening was performed using a Tecnai Arctica 200 keV electron microscope 
equipped with a FEI Falcon II camera. Cryo-EM data used for high-resolution 
structure determination were collected with a 300 keV FEI Titan Krios electron 
microscope equipped with a K2 Summit direct electron detector (Gatan) in the 
super-resolution mode, using SerialEM v.3.8. A total of 2,207 micrographs for 
the Psb28–PSII dataset and 3,461 micrographs for the Psb28–RC47 dataset were 
recorded at a nominal magnification of ×22,500, yielding a pixel size of 1.30654 Å, 
with defocus values ranging from −1.5 to −2.5 μm. Each exposure of 8 s was 
dose-fractionated to 32 video frames, leading to a total dose of approximately 50 
electrons per Å2.

Cryo-EM image processing. For the data collected on the Titan Krios, the 
beam-induced motion of the whole micrograph with 32 video frames was 
corrected by MotionCorr2 (ref. 63), and contrast transfer function parameters 
were estimated by CTFFIND4 (ref. 64) using non-dose-weighted micrographs. 
Each micrograph was manually inspected to remove images that contained 
crystalline ice or contamination or that were taken from carbon films; then, 1,764 
micrographs and 2,931 micrographs were selected for subsequent Psb28–PSII and 
Psb28–RC47 data processing, respectively.

For the structural analysis of Psb28–PSII, a small dataset of around 2,000 
particles were manually picked and processed by reference-free 2D classification 
using RELION v.3.0 (ref. 65). Nine good 2D averages were selected as references 
for auto-picking of all 1,764 micrographs, and a total of 1,442,584 particles were 
automatically picked using RELION 3.0. To speed up calculation, the whole dataset 
was evenly divided into two subsets and then subjected to the reference-free 2D 
classification. In total, 1,416,275 particles were selected from the two subsets and 
subjected to 3D classification. A density map was generated from an atomic model 
of monomer PSII core (PDB code: 3WU2) without the three extrinsic proteins 
and was low-pass filtered to 60 Å as the initial model for the 3D classification. Two 
rounds of 3D classification with global search at 2.61308 Å per pixel were used for 
discarding junk particles, and another 3D classification without image alignment 
at 1.30654 Å per pixel was used for discarding particles without Psb28 and/or 
CP43. Finally, 194,738 homogeneous Psb28–PSII particles were selected for 3D 
auto-refinement.

For the structural analysis of Psb28–RC47, a total of 3,759,725 particles were 
auto-picked using a template-free procedure based on a Laplacian-of-Gaussian 
filter and extracted in 200-by-200-pixel boxes using RELION v.3.0. The whole 
dataset was divided into four subsets and subjected to reference-free 2D 
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classification. Poorly defined classes were discarded, resulting in 3,467,418 particles 
for further 3D processing. The initial model was derived from the previous data 
processing results of Psb28–PSII. Two rounds of 3D classification at 2.61308 Å 
per pixel and another 3D classification at 1.30654 Å per pixel were performed to 
discard bad particles, which resulted in a final set of 241,790 homogeneous Psb28–
RC47 particles for the subsequent 3D auto-refinement.

Further quality improvement of the density maps was achieved by 
re-extracting good particles from dose-weighted micrographs and conducting 3D 
auto-refinement and contrast transfer function refinement in repeated cycles. The 
final resolution of both Psb28–PSII and Psb28–RC47 density maps was 3.14 Å on 
the basis of the gold-standard FSC = 0.143 criteria66. Local resolution estimates 
were determined with RELION v.3.1.

Model building and refinement. The crystal structure of monomer PSII core 
from T. vulcanus PSII (PDB code: 3WU2) with the CP43, PsbJ, PsbK, PsbO, PsbU, 
PsbV, Psb30 and PsbZ subunits manually deleted and the 2.4 Å resolution X-ray 
structure of Psb28 from T. vulcanus (PDB code: 3ZPN) were manually fitted into 
the Psb28–RC47 cryo-EM map using UCSF Chimera67. Regarding the two subunits 
found in both the Psb28–RC47 and Psb28–PSII complexes, the first subunit has 
an obvious membrane-spanning α-helix and a long loop in the cytoplasmic side. 
Combining this with the results of mass spectra, secondary structure prediction, 
transmembrane region prediction and western blotting, we were able to assign the 
density to Tsl0063 and modelled most of the side chains of Tsl0063 to the cryo-EM 
density using Coot68. The cryo-EM density of the other subunit was not clear 
enough to allow the assignment of side chains; thus, we were not able to identify 
the subunit and built the model with poly-alanines.

We then used Coot to correct and adjust the positions of side chains manually 
on the basis of the cryo-EM map. We also deleted some residues where their 
cryo-EM density maps were not clear. Next, we ran several rounds of refinement 
with phenix.real_space_refine69. The refined model was corrected again in Coot 
until there were no more improvements in both MolProbity score and geometry 
parameters.

The structure of Psb28–PSII was built with the model of Psb28–RC47 merged 
with the CP43, PsbK, Psb30 and PsbZ subunits from T. vulcanus PSII (PDB 
code: 3WU2) as the initial model for Psb28–PSII. The final atomic model of 
Psb28–PSII was completed via iterative rounds of manual refinement with Coot 
and auto-refinement with phenix.real_space_refine. The final statistics for data 
processing and structure refinement are summarized in Supplementary Table 2.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The cryo-EM density maps and atomic models of the Psb28–RC47 and Psb28–PSII 
complexes at 3.14 Å resolution have been deposited in the Electron Microscopy 
Data Bank and the Protein Data Bank (EMD ID 30902 and PDB ID 7DXA for 
Psb28–RC47, EMD ID 30909 and PDB ID 7DXH for Psb28–PSII). The data that 
support the findings of this study are available from the corresponding authors 
upon reasonable request. Source data are provided with this paper.
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Extended Data Fig. 1 | Purification and characterization of Psb28-PSII and Psb28-RC47 complexes from the HisPsb28-ΔPsbV and HisPsb28-WT 
strain of T. vulcanus. a Elution pattern of the Psb28-PSII and Psb28-RC47 complexes from the HisPsb28-ΔPsbV strain by Ni affinity chromatography 
column. b SDS-PAGE analysis of the purified samples shown in panel a. Lane 1: fraction I; lane 2: fraction II; lane 3: fraction III; lane M: Molecular weight 
marker. The band of Psb28 was indicated by a red star. Western-blotting analysis of His-Psb28 was shown in the bottom of the SDS-PAGE. c BN-PAGE 
analysis of the purified samples after the Ni affinity chromatography in panel a. Lane 1: fraction I; lane 2: fraction II; lane 3: fraction III. d Western-blotting 
analysis of native PSII and fraction III of panel a using the antibody against D1, Tsl0063 and PsbJ subunits. Lane 1: native PSII; lane 2: fraction III of panel 
a; lane M: Molecular weight marker. e Elution pattern of the Psb28-PSII and Psb28-RC47 complexes from the HisPsb28-WT strain by Ni affinity column. 
f BN-PAGE analysis of the purified samples shown in panel e. Lane 1: fraction I; lane 2: fraction II; lane 3: fraction III; lane 4: native PSII dimer with some 
contaminations of the PSII monomer. g Two-dimensional SDS-PAGE analysis of band 1 to band 4 shown in panel c and f. Lanes 1-2: band 1-2 from lane 3 
of panel c; lanes 3-4: band 3-4 from lane 3 of panel f; lane M: Molecular weight marker. Western-blotting analyses with the antibodies against D1, His-tag 
and Psb27 were shown in the bottom of the SDS-PAGE. The primary antibody against D1(AS05084) was purchased from Agrisera. The primary antibody 
against His-tag (A02051) was purchased from Abbkine. The primary antibody against PsbJ and Tsl0063 were custom-made by Genscript, respectively. 
The horseradish peroxidase (HRP)-conjugated secondary antibody (Goat Anti Rabbit IgG) (AS09602) was purchased from Agrisera. Data shown in this 
figure is repeated more than three times, and all resulted in the same results.

Nature Plants | www.nature.com/natureplants

https://www.ncbi.nlm.nih.gov/nuccore/A02051
http://www.nature.com/natureplants


Articles NaTuRE PlanTSArticles NaTuRE PlanTS

Extended Data Fig. 2 | Further purification and characterization of Psb28-PSII and Psb28-RC47 complexes from the HisPsb28-ΔPsbV strain of  
T. vulcanus. a Elution pattern of the Psb28-PSII and Psb28-RC47 complexes (fraction III in Extended Data Fig. 1a) from a Mono Q anion-exchange column. 
b SDS-PAGE analysis of the purified samples shown in panel a. Lane 1: fraction 1; lane 2: fraction 2; lane 3: fraction 3; lane 4: fraction 4; lane M: Molecular 
weight marker. c BN-PAGE analysis of the purified samples after the Mono Q anion-exchange column. Lane 1: fraction 1; lane 2: fraction 2; lane 3: fraction 3;  
lane 4: fraction 4. Data shown in this figure is conducted more than three times, and all resulted in the same results.
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Extended Data Fig. 3 | Cryo-EM densities and structural models of the PSII core intrinsic, extrinsic subunit and various cofactors of the Psb28-RC47 
complex (a) and Psb28-PSII complex (b). The intrinsic subunits and extrinsic subunit are shown as mixed cartoon/stick model. All cofactors are shown as 
stick models. Fe and Mg are shown as magenta and green spheres respectively. The cryo-EM density map of each subunit is depicted in gray meshes.
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Extended Data Fig. 4 | Sequence comparison of Tsl0063 with other subunits that have a sequence similarity above 90%. V5V6Y3: CAB/ELIP/
HLIP family protein from Thermosynechococcus sp. NK55a; A0A3M2FSJ2: light-harvesting-like protein (Ssl1498 family) from Cyanobacteria bacterium 
J003; Q8DMP8: Tsl0063 protein from Thermosynechococcus elongatus strain BP-1; A0A5C2M567: light-harvesting-like protein (Ssl1498 family) from 
Thermosynechococcus sp. CL-1; A0A3B7MFR6: light-harvesting-like protein (Ssl1498 family) from Thermosynechococcus elongatus PKUAC-SCTE542.  
(These information is obtained by searching the database of https://www.uniprot.org/).
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Extended Data Fig. 5 | Structural comparison of the Psb28-RC47 and Psb28-PSII complexes of T. vulcanus. a, b Structural comparison of the Psb28-RC47 
and Psb28-PSII complexes of T. vulcanus, viewed along the membrane plane (a) and from the stromal side (b). All subunits of Psb28-RC47 are shown in 
grey and the subunits of Psb28-PSII are colored differently as those in Fig. 1.
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Extended Data Fig. 6 | Structural comparison of the Psb28 subunit from the Psb28-RC47 complex of T. vulcanus with its crystal structure and NMR 
structure. a, b Structural comparison of the Psb28 subunit from the Psb28-RC47 complex of T. vulcanus with its crystal structure from T. elongates (PDB ID 
code: 3ZPN) (a) and NMR structure from Synechocystis sp. strain PCC 6803 (PDB ID code: 2KVO) (b). Psb28 from Psb28-RC47 is shown in green, and its 
crystal structure or NMR structure is shown in grey.
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Extended Data Fig. 7 | Structural comparison of the subunits between Psb28-RC47, Psb28-PSII and native PSII (PDB: 3WU2). Subunits in Psb28-RC47, 
Psb28-PSII and native PSII are shown in cyan, green and grey, respectively.
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Extended Data Fig. 8 | Structural conflicts between D2 and Psb28, D1 and Tsl0063. a Overall structure of D1, D2, Psb28 and Tsl0063 in Psb28-PSII 
and native PSII (PDB: 3WU2). b Structural conflicts between D2 and Psb28. c N-terminal region (E7-F14) of Tsl0063 (Psb28-PSII) and the D-E region 
(E226-G236) of D1 from native PSII. Enlarged view of the boxed area shows the amino acid residues involved in the structural conflicts. D1 subunits 
in Psb28-PSII and native PSII are shown in yellow and grey, respectively; D2 subunits in Psb28-PSII and native PSII are shown in marine and grey, 
respectively; Psb28 and Tsl0063 subunits in Psb28-PSII is shown in green and cyan, respectively.
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A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection serialEM 3.8

Data analysis Proteome Discovery searching algorithm 1.4, SerialEM 3.8, MotionCor2 1.1.0, CTFFIND 4.0, RELION-3.0, Chimera 1.14, Coot 0.8.9, Phenix 1.18, 
PyMOL 2.1.1

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

The cryo-EM density map and atomic models have been deposited in the Electron Microscopy Data Bank and the Protein Data Bank (EMD ID code 30902 and PDB ID 
code 7DXA for Psb28-RC47, EMD code 30909 and PDB code 7DXH for Psb28-PSII). The data that support the findings of this study are available from the 
corresponding authors upon reasonable request.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No statistic method was used to predetermine the sample size. The amount of cryo-EM micrographs collected was based on the previous 
knowledge and the results indicated that the size is sufficient to generate a density map at 3.14 Å resolution.

Data exclusions No data exclusion criteria was  pre-established. 2D and 3D classifications were used to obtain multiple classes. Only the particles in the classes 
that showed clear structural signals and intact structures were chosen, combined and used in the final reconstruction of cryo-EM map and 
refinement. Details are described in the flowchart of Supplementary Figs. 5, 6, Supplementary Table 2 and Methods.

Replication Multiple rounds of structural refinement have been performed and all resulted in same density maps. Most experiments concerning the 
purification and characterization of Psb28-RC47 and Psb28-PSII have been repeated independently for more than three times, and all 
reproduced the same results successfully.

Randomization Randomization is not relevant to our study because we aimed to solve the structure of the specific protein supercomplexes.

Blinding Blinding is not relevant to our study because we aimed to solve the structure of the specific protein supercomplexes.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
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ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used The primary antibody were either purchased from Agrisera or custom-made.

Validation The antibodies were validated with native PSII samples by immunoblotting for several times.
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