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Supplementary Texts 

Text S1. Comparison of Ca-binding sites. 

Calcium is an important nutrient in photosynthetic metabolism and is known to stabilize PSII, 

impacting oxygen evolution, photoprotection, and photoactivation (1–3), suggesting important 

biological relevance to its presence in molecular structures of PSII. The cryo-EM structure of 

PSII from Synechocystis 6803 contains three unique Ca-binding sites in addition to the Ca ion in 

the OEC. One is found buried in the interface between PsbU and the lumenal domain of CP47, 

another is partially solvent-exposed between PsbV and the lumenal domain of CP43, and a third 

is found in a solvent-exposed region near PsbK, Psb30, and CP43 (Fig. S7). Other than the Ca 

found in the OEC, no Ca-binding sites were assigned in the T. vulcanus PSII cryo-EM structure 

(4), but various Ca-binding sites were assigned in the XRD structure of PSII from T. vulcanus 

(5). It is noteworthy that Ca-containing salt was included in the sample buffer used for the Syn-

echocystis 6803 PSII cryo-EM sample preparation described herein and in the crystallization 

buffer used for the T. vulcanus PSII XRD structure (5), but none was included in the sample 

buffer used for the T. vulcanus PSII cryo-EM structure (4). In the XRD structure of PSII from T. 

vulcanus, three Ca-binding sites are located on the lumenal side of each PSII monomer, and one 

additional Ca ion is assigned on the stromal side of only one monomer (5). The Ca ion on the 

stromal side is involved in crystal contacts, and is thus unlikely to be biologically relevant. Un-

like the buried Ca-binding sites observed in Synechocystis 6803 PSII, all three other Ca ions in 

the T. vulcanus PSII XRD structure are found in highly solvent-accessible peripheral regions: 

one is near the dimeric interface, another is on the outside of PsbO whose possible role in proton 

ejection has been discussed previously (6, 7), and a third is nearby PsbV and PsbF. These obser-

vations suggest that Ca-binding sites are variable between mesophilic and thermophilic cyano-

bacteria, and that these sites are titratable, requiring the inclusion of Ca in the sample buffer to 

maintain their occupancy that may be important for stabilization of the complex. The signifi-

cance of the unique Ca-binding sites in Synechocystis 6803 PSII discussed here are unclear, but 

their identification allows for future experimentation to explore their functional roles in PSII. 
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Text S2. PsbQ-binding. 

The overall structure of PsbQ in Synechocystis 6803 PSII is similar to the previously-reported 

XRD structures (8, 9) (Table S5). The N-terminus is known to be covalently-linked to a lipid in 

vivo (10), and although the cryo-EM structure has much of the N-terminus resolved, sidechains 

of the first few modeled residues are unclear likely due to its flexibility. Of all the subunits in the 

PSII structure, PsbQ is located in the region of lowest resolution, and requires a lower map 

threshold for its visualization. Furthermore, map sharpening convolutes its ESP, being much bet-

ter resolved in the unsharpened map (Fig. S8). These observations suggest that PsbQ is only par-

tially occupied in the isolated PSII and may also imply low stability compared to the other 

extrinsic subunits. 

Because PsbQ is present in the Synechocystis 6803 PSII structure but not in structures of 

T. vulcanus PSII, we wanted to better understand the intermolecular forces that drive binding. In 

plants and algae, a lumenal loop of CP43 is inserted into a helical break of PsbQ (11), a motif 

that is also present in the Synechocystis 6803 PSII structure. Nearby this loop insertion, the in-

dole nitrogen of a CP43-Trp residue donates a H-bond to the backbone carbonyl of a PsbQ Gly 

residue (Fig. S9 and Fig. S10), which is also observed in Synechocystis 6803 PSII. T. vulcanus 

also maintains these CP43 features, yet PsbQ is not bound in the reported structures. To under-

stand what molecular interactions additionally contribute to PsbQ-binding, we performed PsbQ 

docking calculations on Synechocystis 6803 and T. vulcanus PSII, maintaining the restraint of the 

conserved CP43-Phe/PsbQ-Gly proximity (see Materials and Methods). In both cases, a binding 

coefficient set that favors electrostatic interactions gave the lowest energy model clusters (Table 

S6), suggesting that PsbQ-binding in Synechocystis 6803 is primarily driven by electrostatic 

forces. We note that the free energy calculated by ClusPro corresponds to the PIPER energy 

which does not include entropic contributions, so the reported value should not be taken as the 

true binding energy, but is instead useful for a qualitative comparison of binding affinity (12). 

The calculated PIPER energy associated with PsbQ-binding in Synechocystis 6803 was lower 

than that of T. vulcanus; therefore, we identified residues that provide electrostatic interactions 

between PsbQ and the rest of the complex in the Synechocystis 6803 PSII structure (Fig. 2C) and 

compared their sequence conservation in PSII from other organisms (Fig. 2D). In the Synecho-

cystis 6803 PSII structure, four residues from PsbQ appear to form electrostatic interactions with 

other PSII subunits: the sidechains of Arg83, Arg84, Glu113 and Arg122. These interact with the 

sidechains of CP43-Glu91, CP43-Asp182, CP43-Arg184, and PsbO-Asp38, respectively. None 

of the PsbQ residues found to be interacting in the Synechocystis 6803 PSII structure are con-

served in the PsbQ sequences from T. vulcanus or T. elongatus, but many are conserved in the 

PsbQ homologs from plants and algae (Fig. 2D). We conclude that although PsbQ-binding is 

driven by electrostatic interactions in cyanobacteria, those interactions are weaker in thermo-

philic cyanobacteria. It is plausible that salt routinely used in preparation buffers causes the dis-

sociation of PsbQ from the complex in mesophilic and thermophilic cyanobacterial PSII, albeit 

more so in the latter. 
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Text S3. DFT calculations of Mulliken spin densities for Mn ions in the OEC. 

To assess the valence states of Mn ions in the Synechocystis 6803 PSII cryo-EM structure, we 

ran single point DFT calculations of the OEC and its surrounding residues (see Materials and 

Methods), whose nuclei are fixed in the position of the input model. These single point DFT cal-

culations produced the Mulliken spin density for each Mn atom, whose absolute value corre-

sponds to the number of unpaired electrons in the outermost orbital (3d). Thus, the absolute 

value of the Mulliken spin density 5, 4, and 3 correspond to Mn ions in oxidation states II, III, 

and IV, respectively. For the first and second initial guess, we set the four Mn atoms (Mn1-Mn4) 

in oxidation states III, IV, IV, and III, respectively, where the first guess was set to a high spin 

state (S=7) and the second and third guesses were set to a low spin state (S=0). For the third ini-

tial guess, we set all of the Mn ions in oxidation state II and changed the O5 ligand to a water 

molecule due to the long Mn-Mn and Mn-O distances (see Table S9). All three initial guesses 

resulted in Mulliken spin densities with absolute values between 5 and 4 corresponding to Mn in 

oxidation states II and III (Table S7). Because a high oxidation state model of the OEC requires 

Mn ions in oxidation states ≥3, these calculations support the hypothesis that the Mn ions experi-

ence electron beam-induced reduction during data collection. 
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Supplementary Figures 

 

Fig. S1. Structural depiction of sequence similarity comparing PSII subunits from Synechocystis 
6803 and T. vulcanus. Only the polypeptides are shown for a monomer of the Synechocystis 
6803 cryo-EM structure in four views (a-d) as labeled, and the ribbons are sized and colored 
according to sequence similarity with T. vulcanus from thin green (high similarity) to thick red 
(low similarity). On panel a, subunits whose sequence identity is <50% (Table S1) are labeled. 
On panels c and d, the dimer interface is labeled. 
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Fig. S2. Data processing of Synechocystis 6803 PSII structures. a. Representative 2D Class 
Averages and slices through selected 3D Class Averages. b. Workflow of data processing using 
Relion 3.1 (13). 
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Fig. S3. Resolution of Synechocystis 6803 PSII structures. a. FSC curves for the full dose and 
low dose structures. b. Local resolution maps for the full dose and low dose structures. In b, the 
unsharpened maps are shown for both structures. The clipping plane is shown parallel to the 
membrane plane on the long axis of the structure (top) and parallel to the membrane plane (bot-
tom). Local resolution values are represented by colors shown in the scale bar. Local resolution 
was calculated using Relion 3.1’s implementation of LocRes (13). 
 

 
Fig. S4. Map-to-model FSCs of full dose and low dose maps. a. Map-to-model FSC curve for 
the full dose structure. b. Map-to-model FSC curve for the low dose structure. Curves were 
generated using the Phenix software suite (14). 
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Fig. S5. Lack of carotenoid 101 in Synechocystis 6803 PSII. a. A lumenal view of core-
associated carotenoids is shown from various PSII structures. The dimeric interface is shown as 
a red line and the carotenoid 101 site is designated with an arrow. b. Enlarged boxed region 
from a. In both panels, PSII models are shown from Synechocystis 6803 (blue, PDB 7N8O), T. 
vulcanus (orange, PDB 7D1T), T. elongatus (yellow, PDB 6W1O), P. sativum (dark green, PDB 
5XNL), C. reinhardtii (bright green, PDB 6KAC), and C. caldarium (pink, PDB 4YUU). 

 

 

Fig. S6. Subunit similarity in Synechocystis 6803 PSII based on the ratio of sequence identity to 
the RMSD of their Cα superposition to subunits from T. vulcanus PSII (PDB 7D1T). a. Ratio of 
Synechocystis 6803 PSII subunit sequence identity to those from T. vulcanus calculated using 
Clustal Omega (15) to the RMSD of the Cα atoms of the superpositions of each subunits. For 
example, the sequence identity of PsbA from Synechocystis 6803 compared to T. vulcanus is 
85.56% (Table S1) and the corresponding Cα subunit superposition RMSD is 0.194 (Table S3); 
therefore, its ratio is 441 (Y-axis). More similar subunits, based on both sequence and structure, 
exhibit largest values (high sequence identity with low RMSD). The subunits are listed in order 
of highest to lowest ratio. b. Subunits of the Synechocystis 6803 PSII structure colored accord-
ing to the background colors in panel a showing a lumenal view (top) and a membrane plane 
view (bottom). Subunits with values <200 from panel a are labeled for one of the monomers in 
the lumenal view. 
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Fig. S7. Calcium-binding sites in PSII structures from Synechocystis 6803 and T. vulcanus. A 
lumenal view of the Synechocystis 6803 cryo-EM PSII structure and the T. vulcanus XRD PSII 
structure (PDB 3WU2) are shown superimposed and the Ca-binding sites are highlighted in blue 
and orange, respectively. The labels denote the subunit(s) that coordinate each Ca ion. Black 
font pertains to Ca ions from the Synechocystis 6803 PSII structure and grey font pertains to Ca 
ions from the T. vulcanus PSII structure. A stromal Ca-binding site involved in crystal contacts in 
the T. vulcanus PSII XRD structure is omitted for clarity. 
 

 

Fig. S8. Comparison of PsbQ in sharpened and unsharpened ESP maps. a. The PsbQ model is 
shown within the sharpened ESP map. b. The PsbQ model is shown within the unsharpened 
ESP map. 
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Fig. S9. Binding free energy of cyanobacterial PsbQ. a. The insertion of CP43-Trp374 into the 
broken helix of PsbQ where a H-bond is formed between the Trp sidechain indole nitrogen and 
the backbone carbonyl oxygen atom of PsbQ-Gly77. This interaction is conserved in the PsbQ 
homologs from plants and algae. Maintaining a distance of the CP43-Trp and PsbQ-Gly of <4 Å 
was used as the sole restraint in docking calculations. b. Docking calculation of Synechocystis 
6803 PsbQ (model extracted from the Synechocystis 6803 PSII structure reported here), and 
the rest of the PSII model (created by deleting PsbQ from the model reported here). Blue rib-
bons show CP43 and PsbO onto which the docking was calculated. Yellow ribbons show the 
lowest energy cluster consensus model of docked Synechocystis 6803 PsbQ. Magenta shows 
the true location of PsbQ-binding in Synechocystis 6803 from the structure reported here. The 
PIPER ΔG calculated for this model cluster was -970.86 kcal/mol. c. Docking calculation of T. 
vulcanus PsbQ (homology model using the extracted Synechocystis 6803 PsbQ structure re-
ported here as the template), and the PSII model from the T. vulcanus PSII cryo-EM structure 
(PDB 7D1T) where PsbQ is absent. Orange ribbons show CP43 and PsbO onto which the dock-
ing was calculated. Cyan ribbons show the lowest energy cluster consensus model of docked T. 
vulcanus PsbQ. Magenta shows the location of PsbQ-binding in Synechocystis 6803 from the 
model reported here. The PIPER ΔG calculated for this model cluster was -827.40 kcal/mol. 
Docking calculations were performed using the ClusPro server (12). 
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Fig. S10. Sequence alignments of residues that interact from Synechocystis 6803 PsbQ to oth-
er subunits in comparison with other organisms. a. Partial sequence alignment of PsbQ and 
PsbQ′ from different species. Residues in PsbQ from Synechocystis 6803 that interact with 
CP43 or PsbO are designated with an arrow. The conserved broken helix region is boxed. b. 
Partial sequence alignments of regions in CP43 and PsbO from different species. Residues that 
interact with PsbQQ in Synechocystis 6803 are designated with an arrow, colored correspond-
ing to their interacting residue partner from panel a. The loop region of CP43 that inserts into the 
broken helix is boxed. 
 

 
Fig. S11. H-bonding interactions of YZ. A superposition of the Synechocystis 6803 cryo-EM 
structure and the T. vulcanus XRD structure (PDB 3WU2) is shown, focused near W3 and W4. 
Indicated distances are shown in units of Å where those that pertain to the Synechocystis 6803 
PSII cryo-EM structure are shown in black and the T. vulcanus PSII XRD structure are shown in 
grey. The primary and alternate positions of W3 and W4 are labeled. 
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Fig. S12. Interactions of D2-Lys317. A superposition of the PSII cryo-EM structures from Syn-
echocystis 6803 (PDB 7N8O) and T. vulcanus (PDB 7D1T) is shown, focused near D2-Lys317. 
The view is from a perspective near D1-Asp61. The full dose cryo-EM map from Synechocystis 
6803 PSII is shown at 5σ. Indicated distances are shown in units of Å. The primary and possible 
alternate positions of the D2-Lys317 sidechain are labeled. 

 

 
Fig. S13. Full dose and low dose ESP maps near the C-terminus of D1. a. Full dose map. b. 
Low dose map. In both panels, the C-terminus of D1 is shown below which the OEC is found 
with the Ca ion labeled for reference. Maps are shown at 6σ. 
 

 
Fig. S14. Full dose and low dose ESP maps near PsbO-associated Cys residues that may form 
a disulfide bond. a. Full dose map. b. Low dose map. In both panels, the two Cys sidechains 
that could form a disulfide bond are labeled for reference. Maps are shown at 5σ. 
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Fig. S15. Residues possibly involved in Large channel gating. The structure of Synechocystis 
PSII is shown where residues previously proposed to be involved in gating from the basis of the 
T. vulcanus PSII structure (16) are highlighted in yellow, and residues noted to be blocking the 
large channel and possibly involved in gating of the Synechocystis 6803 PSII structure are high-
lighted in red. The water wheel and closest entrance to the lumen are labeled.
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Supplementary Tables 
Table S1. Sequence identity of Synechocystis 6803 PSII subunits compared to those from T. 
vulcanus and T. elongatus. 
 PsbA PsbB PsbC PsbD PsbE PsbF PsbH PsbI PsbJ PsbK PsbL 

T. vulcanus 85.56 83.13 86.03 88.60 66.67 72.73 77.78 71.05 69.23 83.78 81.08 
T. elongatus 86.11 82.64 85.43 88.35 66.67 72.73 78.12 71.05 69.23 77.78 81.08 

            

 PsbM PsbO PsbQ Psb30 PsbT PsbU PsbV PsbX PsbY PsbZ  

T. vulcanus 65.71 55.79 31.08 50.00 51.61 51.46 41.25 44.74 52.94 72.58  
T. elongatus 62.86 53.70 31.08 41.30 51.61 47.29 41.25 44.74 48.72 72.58  

 

Table S2. Cryo-EM data collection parameters and map/model statistics. 
Data collection   

Magnification x105,000 

Voltage (kV) 300 

Electron exposure (e− Å−2) 40.8 

Images per stack 28 

Defocus range (µm) -1.2 to -2.0 

Pixel size (Å) 0.832 

Symmetry imposed C2 

Initial particle images (no.) 1,896,906 

Final particle images (no.) 202,844 

Processing and Refinement Full Dose (7N8O) Low Dose (7RCV) 

Images used in processing 28 3 

Dose accumulated (e− Å−2) 40.8 4.37 

Map resolution (Å) 1.93 2.01 

FSC threshold 0.143 0.143 

Initial model used (PDB code) 3WU2 3WU2 

Model resolution (Å) 2.00 2.03 

FSC threshold 0.5 0.5 

Map-sharpening B factor (Å2) -33.3 -35.2 

Model composition   

Non-hydrogen atoms 54,678 54,678 

Protein residues 5,544 5,544 

Ligands 230 230 

Waters 1236 1236 

B factors (Å2)   

Protein 30.00 30.79 

Ligands 28.45 42.31 

Water 30.00 18.43 

R.M.S. deviations   

Bond lengths (Å) 0.012 0.011 

Bond angles (°) 1.502 1.434 

Validation   

MolProbity 2.07 1.98 

Clashscore 14.58 13.57 

Rotamer outliers (%) 1.91 1.97 

Ramachandran plot   

Favored (%) 96.92 97.40 

Allowed (%) 3.01 2.59 

Disallowed (%) 0.07 0.02 
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Table S3. RMSD (Å) of Cα atoms from Synechocystis 6803 subunits compared to those from T. 
vulcanus. 
PsbA PsbB PsbC PsbD PsbE PsbF PsbH PsbI PsbJ PsbK PsbL 

0.194 0.256 0.253 0.212 0.242 0.224 0.194 0.167 0.236 0.296 0.241 

           

PsbM PsbO PsbQ Psb30 PsbT PsbU PsbV PsbX PsbY PsbZ  

0.220 0.530 N/A* 2.719 0.416 0.515 0.605 0.592 0.477 0.631  

No current structure of PSII from T. vulcanus maintains the PsbQ subunit. 

 
Table S4. Sequence identity of PsbQ-related proteins from various organisms. 

 Synechocystis 6803 
PsbQ 

T. elongatus 
PsbQ 

C. reinhardtii 
PsbQ 

C. caldarium 
PsbQ′ 

P. sativum 
PsbQ 

T. vulcanus 
Psb27 

Synechocystis 6803 
PsbQ 

100.00 31.08 21.64 19.71 23.31 22.37 

T. elongatus 
PsbQ 

31.08 100.00 16.79 16.31 18.25 11.84 

C. reinhardtii 
PsbQ 

21.64 16.79 100.00 27.87 31.75 16.87 

C. caldarium 
PsbQ′ 

19.71 16.31 27.87 100.00 24.62 17.02 

P. sativum 
PsbQ 

23.31 18.25 31.75 24.62 100.00 17.02 

T. vulcanus 
Psb27 

22.37 11.84 16.87 17.02 17.02 100.00 

 
Table S5. RMSD (Å) for Cα superpositions of of PsbQ-related proteins and Synechocystis 6803 
X-ray crystal structure to the Synechocystis 6803 cryo-EM PsbQ structure. 

Synechocystis 6803 
PsbQ (X-ray)* 

T. elongatus 
PsbQ (X-ray)* 

C. reinhardtii 
PsbQ (cryo-EM) 

C. caldarium 
PsbQ′ (X-ray) 

P. sativum 
PsbQ (cryo-EM) 

T. vulcanus 
Psb27 (cryo-EM) 

0.397 1.148 1.075 1.278 1.102 6.225 

*Structure determined of the purified subunit not associated with the core complex. 

 
Table S6. Calculated free energy of PsbQ-binding in cyanobacteria. Calculations were per-
formed using ClusPro (12). PIPER energy units are reported in kcal/mol. 

ClusPro Weighting Coefficient Set Synechocystis 6803 T. vulcanus 

Balanced -816.52 -724.85 
Electrostatic-favored -970.86 -827.4 
Hydrophobic-favored -781.35 -589.15 

VdW+Elec -236.49 -148.6 
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Table S7. Calculated Mulliken spin densities and oxidation state assignments for Mn ions in 
Synechocystis 6803 PSII. 

 Initial oxidation 
state (Mn1-Mn4) 

Mn1 Mn2 Mn3 Mn4 Final oxidation 
state (Mn1-Mn4) 

Initial Guess 1 (S=7) III, IV, IV, III 4.74 4.28 4.19 4.85 II, III, III, II 

Initial Guess 2 (S=0) III, IV, IV, III 4.60 -4.38 4.09 -4.89 II, III, III, II 

Initial Guess 3 (S=0) II, II, II, II 4.81 -4.78 4.36 -4.27 II, II, III, III 

 
Table S8. PsbV C-terminal region sequence comparison and associated organismal growth 
temperatures. 

Organism Approximate growth 
temperature (°C)* 

C-terminal sequence 
alignment of PsbV 

Synechocystis sp. PCC 6803 36 (17) WGGT-IYF 

Synechocystis salina LEGE 06155 25 (18) WGGT-IYF 

Synechocystis sp. PCC 6714 28 (19) WGGT-IYF 

Snowella sp. 20 (20) WGGT-IYF 

Microcystis aeruginosa 23 (21) WGGT-IYF 

Prochlorococcus marinus 24 (22) WGGGKIYF 

Halomicronema hongdechloris 32 (23) WASGKPGR 

Trichodesmium erythaeum 26 (24) WGGGKIFR 

Acaryochloris marina 25 (25) WGGGKANR 

Cyanothece sp. PCC 7425 30 (26) WGGGKIYF 

Nostoc punctiforme 3 (27) WGGGKIYY 

Leptolyngbyaceae cyanobacterium JSC-12 45 (28) WGGGKIYY 

Thermosynechococcus elongatus 57 (29) WGGGKVYY 

Thermosynechococcus vulcanus 57 (29) WGGGKVYY 

*Based on reference. 

 
Table S9. Metal-metal distances of the OEC in selected PSII structures. All measurements are 
taken from monomer A of the published coordinates and all values are reported in Å. Radiation 
dose was converted to MGy, although it should be noted that radiation damage corresponding 
to different radiation types may not be comparable. 

 S. 6803 
Cryo-EM 
151 MGy 

PDB 7N8O 

S. 6803 
Cryo-EM 
16.2 MGy 

PDB 7RCV 

T. vulcanus 
Cryo-EM 
307 MGy 

PDB 7D1T 

T. vulcanus 
Cryo-EM 
12.2 MGy 
PDB 7D1U 

T. vulcanus 
X-ray 

0.03 MGy 
PDB 5B5E 

T. elongatus 
X-ray 
N/A* 

PDB 6W1O 

Mn1-Ca 3.76 3.85 3.52 3.57 3.51 3.40 

Mn1-Mn2 3.13 3.07 2.83 2.87 2.74 2.81 

Mn1-Mn3 3.41 3.44 3.36 3.20 3.22 3.29 

Mn1-Mn4 5.07 5.23 5.02 5.09 4.91 4.81 

Mn2-Ca 3.58 3.58 3.45 3.43 3.35 3.43 

Mn2-Mn3 3.05 2.98 3.10 2.88 2.76 2.94 

Mn2-Mn4 5.66 5.75 5.65 5.46 5.22 5.28 

Mn3-Ca 3.42 3.44 3.29 3.45 3.39 3.47 

Mn3-Mn4 2.95 3.12 2.97 3.03 2.82 2.67 

Mn4-Ca 3.86 3.93 3.69 3.76 3.75 3.85 

Mean Mn-Mn 3.88 3.93 3.82 3.76 3.61 3.63 

*The structure was determined using an X-ray free electron laser and thus data were hypothetically collected before the onset of 
radiation damage. 
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