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Abstract

Photosystem II (PSII) catalyzes the oxidation of water at its active site that harbors a high-

valent inorganic Mn4CaOx. cluster called the oxygen-evolving complex (OEC). Extrinsic subunits 

generally serve to protect the OEC from reductants and stabilize the structure, but diversity in 

the extrinsic subunits exists between phototrophs. Recent cryo-electron microscopy experiments 

have provided new molecular structures of PSII with varied extrinsic subunits. We focus on the 

extrinsic subunit PsbQ, that binds to the mature PSII complex, and on Psb27, an extrinsic subunit 

involved in PSII biogenesis. PsbQ and Psb27 share a similar binding site and have a four-helix 

bundle tertiary structure, suggesting they are related. Here, we use sequence alignments, structural 

analyses, and binding simulations to compare PsbQ and Psb27 from different organisms. We find 

no evidence that PsbQ and Psb27 are related despite their similar structures and binding sites. 

Evolutionary divergence within PsbQ homologs from different lineages is high, probably due 

to their interactions with other extrinsic subunits that themselves exhibit vast diversity between 

lineages. This may result in functional variation as exemplified by large differences in their 

calculated binding energies. Psb27 homologs generally exhibit less divergence, which may be 

due to stronger evolutionary selection for certain residues that maintain its function during PSII 

biogenesis and this is consistent with their more similar calculated binding energies between 

organisms. Previous experimental inconsistencies, low confidence binding simulations, and recent 

structural data suggest that Psb27 is likely to exhibit flexibility that may be an important 

characteristic of its activity. The analysis provides insight into the functions and evolution of 

PsbQ and Psb27, and an unusual example of proteins with similar tertiary structures and binding 

sites that probably serve different roles.
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Introduction

Photosystem II (PSII) is a multisubunit, membrane intrinsic, pigment–protein complex 

that extracts electrons from water to provide reducing equivalents that fuel photosynthetic 

electron transport. In the mature enzyme, water oxidation is catalyzed by a high-valent 

inorganic Mn4CaOx cluster called the oxygen-evolving complex (OEC) that is bound on the 

lumenal side of PSII by the D1 and CP43 core subunits (Brudvig 2008; Vinyard et al. 2013; 

Shen 2015; Cox et al. 2020). Extrinsic subunits are bound on the lumenal side of the mature 

PSII complex that stabilize the structure and protect the active site from external reductants 

that would result in OEC damage (Roose and Pakrasi 2008; Bricker et al. 2012; Roose et 

al. 2016). In cyanobacteria, these extrinsic proteins are PsbO, PsbQ, PsbU, and PsbV; in 

red algae and diatoms, they are PsbO, PsbQ’, PsbU, and PsbV; and in plants and green 

algae, they are PsbO, PsbP, PsbQ, and PsbR (Enami et al. 2008; Roose and Pakrasi 2008; 

Bricker et al. 2012; Roose et al. 2016). All of these extrinsic subunits have been structurally 

resolved in complex with PSII, the most recent of which was PsbQ in cyanobacteria, in 

the cryo-EM structure of PSII from Synechocystis sp. PCC 6803 (hereafter Synechocystis 
6803) (Gisriel et al. 2021b). We note that PsbQ in cyanobacteria has often been referred to 

as “CyanoQ” (e.g., as used in Fagerlund and Eaton-Rye 2011); however, the recent cryo-EM 

structure showing its binding site to be identical to that of PsbQ in plants and algae (Gisriel 

et al. 2021b) suggests that nomenclature to be inappropriate. We suggest that the “PsbQ” 

nomenclature for this cyanobacterial subunit be maintained by researchers in the future.

PSII has a high propensity for oxidative damage (Pospíšil 2009; Kale et al. 2017), causing 

fast turnover that requires a complex mechanism of repair and assembly (Komenda et al. 

2012b; Nickelsen and Rengstl 2013; Heinz et al. 2016; Eaton-Rye and Sobotka 2017). 

During the PSII repair cycle, additional extrinsic subunits transiently bind and facilitate PSII 

maturation. Although most of the extrinsic subunits present in the mature PSII complex have 

been characterized and structurally resolved, assembly factors that transiently bind during 

PSII maturation have been challenging targets for study, and molecular structures of a few 

have only recently appeared in the literature (Huang et al. 2021; Xiao et al. 2021; Zabret et 

al. 2021). So far, the only lumenal assembly factor to be structurally resolved in complex 

with the PSII core is Psb27 from the thermophilic cyanobacteria Thermosynechococcus 
elongatus (Zabret et al. 2021) and Thermosynechococcus vulcanus (Huang et al. 2021).

Both PsbQ in the structure of the mature PSII complex from Synechocystis 6803 (Gisriel et 

al. 2021b) and Psb27 in the structures of PSII assembly intermediates (Huang et al. 2021; 

Zabret et al 2021) were determined to share binding sites analogous to the known PsbQ and 

PsbQ’ subunits (hereafter “PsbQ(′)”) in PSII structures from plants and algae (Ago et al. 

2016; Wei et al. 2016; Su et al. 2017; Van Bezouwen et al. 2017; Pi et al. 2019; Sheng et al. 

2019) (Fig. 1). This was somewhat surprising because (a) there is very low sequence identity 

between PsbQ(′) and Psb27 (Huang et al. 2021) (Supplementary Fig. 1 and Supplementary 

Table 1), (b) cross-linking experiments suggested that cyanobacterial PsbQ bound to the 

lumenal surface of PSII in a different site than PsbQ(′) in plants and algae (Liu et al. 

2014), and (c) it is unlikely that there is functional similarity between Psb27 that is involved 

in PSII maturation and PsbQ(′) that are present in the mature PSII complex with other 

permanently bound lumenal subunits. In hindsight, however, their similar binding site makes 
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sense because they ah exhibit a four-helix bundle tertiary structure. An additional similarity 

between the PsbQ(′) and Psb27 is that in most cyanobacteria, PsbQ and Psb27 both have 

an N-terminal lipid modification (Kashino et al. 2006; Fagerlund and Eaton-Rye 2011), but 

neither have this modification in plants or algae (Xingxing et al. 2018). The fact that both 

PsbQ(′) and Psb27 exhibit a four-helix bundle tertiary structure, that both bind to the same 

site on the CP43 subunit of PSII, and that both exhibit similar trends in the presence or 

absence of an N-terminal lipid modification between different species, suggests that these 

proteins are related in their function and possibly evolved from a common ancestor.

A challenge in determining how PsbQ(′) and Psb27 are related is that their functions 

remain unclear, and experiments have produced a variety of results dependent upon the 

species studied. In the cyanobacterium Synechocystis 6803, PSII complexes containing 

PsbQ achieve higher rates of oxygen evolution than those that do not, leading to the 

hypothesis that PsbQ stabilizes the lumenal domain of PSII that harbors the active site 

(Roose et al. 2007). PsbQ from Synechocystis 6803 was also suggested to be involved in 

PSII assembly due to the isolation of a PSII complex lacking two of the extrinsic subunits 

typically found in mature PSII, PsbU and PsbV, and containing four PsbQ subunits per PSII 

dimer (Liu et al. 2015). Deletion of PsbQ in Arabidopsis thaliana has little effect except 

under low light conditions (Yi et al. 2006), but defects in PsbP that result in calcium and 

chloride sensitivity in spinach can be restored by the addition of PsbQ (Ifuku and Sato 

2001, 2002). The function of PsbQ in plants is probably tightly intertwined with PsbP as 

is also exemplified by a recent cryo-EM structure of PSII from A. thaliana lacking PsbQ 

and PsbP but maintaining PsbO where the active site is found in an immature configuration 

lacking the OEC (Graça et al. 2021). Removal of PsbQ alone in A. thaliana resulted in less 

light-harvesting complexes and changes in state transitions, and so it could also be involved 

in the attachment of peripheral antenna subunits to the core (Allahverdiyeva et al. 2013). 

In halophytic plants, PsbQ genes were not expressed in varying NaCl concentrations and 

were thus considered non-essential (Pagliano et al. 2009; Trotta et al. 2012). This range of 

experimental results aiming to understand the role of PsbQ(′) subunits suggests that their 

functions are highly dependent upon other extrinsic subunits that vary between organisms.

The function of Psb27 has also been challenging to determine. It is well documented to be 

involved in PSII assembly (Nowaczyk et al. 2006; Bentley et al. 2008; Liu et al. 2011b; 

Grasse et al. 2011; Komenda et al. 2012a; Bečková et al. 2017; Weisz et al. 2019), but the 

details of its structural influence are unclear. Psb27 has been suggested to block premature 

binding of the extrinsic subunits found in the mature PSII complex (Nowaczyk et al. 2006) 

so that the OEC can be efficiently assembled during a process called photoactivation (Bao 

and Burnap 2016). In a more complicated view, cyanobacterial Psb27 is also thought to 

modulate photoactivation by influencing loop E of CP43 that in turn alters the OEC-binding 

site (Roose and Pakrasi 2008; Liu et al. 2011a, 2013; Avramov et al. 2020; Gisriel et al. 

2021a); however, a superposition of an apo-PSII structure (Gisriel et al. 2020), two assembly 

intermediate PSII structures that lack lumenal extrinsic subunits other than Psb27 (Huang 

et al. 2021; Zabret et al. 2021), and a mature PSII structure lacking only PsbQ (Kato et al. 

2021), show surprisingly little difference in the structure of CP43 loop E (Supplementary 

Fig. 2). Thus, the influence of Psb27 on the lumenal domain of PSII is thought to be subtle 

(Zabret et al. 2021). In those structures that lack the OEC (all except the mature PSII 
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structure), the C-terminus of the D1 subunit was found in a unique orientation relative to 

mature PSII. Because Psb27 was determined not to directly interact with the D1 C-terminus 

in either of the cyanobacterial structures where Psb27 is bound, it is unclear whether 

Psb27 stabilizes the lumenal domain of PSII in a way that alters the D1 C-terminus. It 

was also determined that when Psb27 is bound to the PSII core, its position only slightly 

overlaps with the position where PsbO is bound in mature PSII structures (Zabret et al. 

2021); however, cyanobacterial PSII complexes containing both Psb27 and PsbO have been 

observed (Liu et al. 2011b). Cyanobacterial Psb27 binding has been observed prior to the 

insertion of the CP43 module during biogenesis (Komenda et al. 2012a; Heinz et al. 2016) 

so its function may vary dependent upon the PSII assembly state. Much less is known about 

Psb27 in higher plants. A. thaliana contains two Psb27 homologs that are also involved in 

PSII repair, but appear to have distinct functions (Chen et al. 2006; Wei et al. 2010; Hou et 

al. 2015) that may be unique from cyanobacterial Psb27 (Xingxing et al. 2018).

Now that a variety of molecular structures of these subunits in complex with PSII are 

available, a comparison of their similarities and differences is important to help determine 

their functions and variation between species. Here, we use structural and sequence 

analyses, homology modeling, and in silico docking simulations to compare and predict 

the differences between PsbQ(′) and Psb27 from a variety of photosynthetic organisms. 

Although the PsbQ(′) subunits are likely to have diverged from a common ancestor, which 

is consistent with previous observations (Kashino et al. 2002; Thornton et al. 2004; Balsera 

et al. 2005; De Las Rivas and Roman 2005; Jackson et al. 2010; Michoux et al. 2014), there 

is no evidence that Psb27 is related despite sharing a four-helix bundle tertiary structure and 

a very similar binding site. PsbQ(′) subunits have diverged strongly between lineages which 

is exemplified by low sequence identity, variable characteristics of the N-terminus, and a 

wide range of calculated binding energies. In contrast, Psb27 subunits generally exhibit less 

divergence between lineages, more similar N-terminal characteristics, and similar calculated 

binding energies between organisms. These observations suggest that the lumenal domain 

of the CP43 subunit has evolved to bind these four-helix bundle proteins in the same site 

for completely different functions dependent upon the assembly state of PSII. Furthermore, 

the evolutionary divergence of PsbQ homologs has probably been influenced by interactions 

with other lumenal extrinsic subunits. The greater identity observed in Psb27 sequences 

suggests selective pressure to maintain its function in PSII biogenesis between organisms.

Materials and methods

Sequence alignments

Multiple sequence alignments were performed using Clustal Omega (Sievers et al. 

2011). Where structure-based sequence alignments were used, they were performed using 

PROMALS3D (Pei et al. 2008). The PsbQ(′) structures used for the PROMALS3D 

alignments were chain Q of PDB 7N8O (Synechocystis 6803), a homology model (see 

the next section on homology modeling) of PsbQ from T. elongatus, a homology model 

of PsbQ from T. vulcanus, chain Q of PDB 6KAC (Chlamydomonas reinhardtii), chain 

Q2 of PDB 4YUU (Cyanidium caldarium), chain Q of PDB 6JLU (Chaetoceros gracilis), 

chain Q of PDB 5XNL (Pisum sativum), chain Q of PDB 3JCU (Spinacea oleracea), and a 
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homology model of PsbQ from A. thaliana. The Psb27 structures used for the PROMALS3D 

alignments were PDB 2KND (Synechocystis 6803), PDB 2Y6X (T. elongatus), chain 1 

of PDB 7NHP (T. vulcanus, note that the sequences of Psb27 from T. elongatus and 

T. vulcanus are identical), a homology model of Psb27 from C. reinhardtii, a homology 

model of Psb27 from S. oleracea, and PDB 5X56 (A. thaliana). Standard multiple sequence 

alignments were performed with and without signal sequences but produced the same 

outcomes as described below.

Homology modeling

Due to their lack of experimentally determined molecular structures, homology models 

of PsbQ from A. thaliana, Psb27 from C. reinhardtii, and Psb27 from S. oleracea were 

created using SwissModel (Guex et al. 2009). These used input sequences from the National 

Center for Biotechnology Information (NCBI) with accession codes NP_001319873.1, 

XP_001700736.1, and XP_021864834.1, respectively. The structural template for A. 
thaliana PsbQ was chain Q of PDB 3JCU (PsbQ from S. oleracea). The structural template 

for Psb27 from both C. reinhardtii and S. oleracea was PDB 5X56 (Psb27 from A. thaliana).

Molecular docking

To estimate binding energies, each PsbQ(′) or Psb27 model was docked in silico to its 

respective PSII core using ClusPro (Kozakov et al. 2017). For the PsbQ(′) subunits, the 

following molecular structures were used. Synechocystis 6803: Chain Q of PDB 7N8O 

was docked to PDB 7N8O with chain Q removed. T. elongatus: PDB 3ZSU was docked 

to 6W1O. T. vulcanus: PDB 3ZSU was docked to PDB 7D1T. C. reinhardtii: Chain Q of 

PDB 6KAC was docked to PDB 6KAC with chain Q removed. C. caldarium: Chain Q2 of 

PDB 4YUU was docked to PDB 4YUU with chain Q2 removed. C. gracilis: Chain Q of 

PDB 6JLU was docked to PDB 6JLU with chain Q removed. P. sativum: Chain Q of PDB 

5XNL was docked to PDB 5XNL with chain Q removed. S. oleracea: Chain Q of PDB 

3JCU was docked to PDB 3JCU with chain Q removed. A. thaliana: The homology model 

of A. thaliana PsbQ was docked to PDB 5MDX. The restraint was applied to maintain > 1 Å 

and < 4 Å between any atom in the highly conserved PsbQ(′) binding interaction described 

below.

For Psb27, the following molecular structures were used. Synechocystis 6803: PDB 2KND 

was docked to PDB 7N8O with extrinsic subunits removed. T. elongatus: 2Y6X was 

docked to PDB 6W1O with extrinsic subunits removed. T. vulcanus: Chain 1 of PDB 

7NHP was docked to PDB 7D1T with extrinsic subunits removed. C. reinhardtii: The 

homology model of C. reinhardtii Psb27 was docked to PDB 6KAC with extrinsic subunits 

removed. S. oleracea: The homology model of S. oleracea Psb27 was docked to PDB 3JCU 

with extrinsic subunits removed. A. thaliana: PDB 5X56 was docked to PDB 5MDX with 

extrinsic subunits removed. The restraint was applied to maintain > 1 Å and < 4 Å between 

any atom in the highly conserved Psb27-subunit binding interaction described below.

Phylogenetic trees

Phylogenetic trees were created using MEGA7 (Kumar et al. 2016) from the sequences in 

the sections, “Sequence alignments” and “Homology modeling” above. The evolutionary 
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history for the PsbQ(′) and Psb27 homologs were inferred using the Maximum Likelihood 

method based on the Le Gascuel model (Le and Gascuel 2008). The bootstrap consensus 

tree (100 replicates) was taken to represent the evolutionary history of the taxa analyzed 

(Felsenstein 1985). Initial tree(s) for the heuristic searches were obtained automatically by 

applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated 

using a JTT model, and then selecting the topology with superior log likelihood value. A 

discrete Gamma distribution was used to model evolutionary rate differences among sites (3 

categories).

Results

Lack of evidence for common ancestry between PsbQ(′) and Psb27

A multiple sequence alignment of nine PsbQ(′) sequences and six Psb27 sequences 

was performed using Clustal Omega (Sievers et al. 2011) (Supplementary Fig. 1). The 

resulting sequence identity matrix shows that sequence identity between PsbQ(′) and 

Psb27 sequences is never greater than ~ 20% (Supplementary Table 1) which is below 

the “twilight zone” of ~ 25% where sequences can no longer be used to infer common 

ancestry (Doolittle 1986; Rost 1999); however, it may be possible that small regions of 

high sequence similar could still imply relatedness. To assess this, we analyzed the Clustal 

Omega sequence alignment but no regions of obvious sequence similarity are observed 

between PsbQ(′) sequences and Psb27 sequences (Supplementary Fig. 1). This is consistent 

with the hypothesis that despite their similar tertiary structure and binding sites (Fig. 1), 

Psb27 and PsbQ(′) do not function similarly and do not share a common ancestor, their 

similar characteristics instead arising due to convergent evolution.

It is possible, however, PsbQ(′) and Psb27 have diverged so strongly that standard alignment 

strategies are insufficient to properly align sequences, but that alignments based on structural 

models may be useful for proper sequence alignment and thus inferring common ancestry 

(Sadekar et al. 2006; Orf et al. 2018). Because both Psb27 and the PsbQ(′) maintain a 

similar tertiary structure of a four-helix bundle, we additionally performed a structure-based 

sequence alignment of the same sequences and their accompanying molecular structures 

using PROMALS3D (Pei et al. 2008) (Supplementary Fig. 3). Of the nine sequences 

used from PsbQ(′) subunits, the one from A. thaliana did not have an accompanying 

molecular structure, and of the six sequences used for Psb27, the two from C. reinhardtii 
and S. oleracea did not have accompanying molecular structures; therefore, we created their 

homology models using SwissModel (Guex et al. 2009) (see “Materials and methods”). The 

sequence identity comparing Psb27 and the PsbQ(′) calculated from the structure-based 

sequence alignments is always worse than the corresponding sequence identity using 

the standard sequence alignment (Supplementary Table 2), which suggests that this is 

an inappropriate alignment strategy for comparing sequences. Like the standard multiple 

sequence alignment, an analysis of the structure-based sequence alignment showed no 

regions of homology (Supplementary Fig. 3), providing additional support for the hypothesis 

that Psb27 and PsbQ(′) are unrelated.
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Diversity in PsbQ(′) subunits

Sequence and structural similarity in PsbQ(′)—The PsbQ(′) sequences share 

sequence identity with a minimum of ~ 12%, a maximum of ~ 70% (Supplementary Table 

3), and a mean of ~ 26%. Despite this low identity, an analysis of the Clustal Omega 

(Sievers et al. 2011) sequence alignment including only PsbQ(′) sequences shows some 

homology, aligns the sequences corresponding to the known α-helices correctly, and aligns 

a fully conserved Trp residue as discussed below (Supplementary Fig. 4). This suggests 

that PsbQ(′) subunits from vastly different organisms (e.g., cyanobacteria and plants) share 

a common origin; therefore, we used this sequence alignment to generate a phylogenetic 

tree of the PsbQ(′) sequences (Supplementary Fig. 5). The tree shows that PsbQ(′) from 

higher plants form one clade and those from cyanobacteria form another clade. PsbQ of 

C. reinhardtii is more closely related to PsbQ from higher plants compared to the other 

algae, which could suggest that PsbQ functions similarly between plants and green algae. 

The location of PsbQ′ in the phylogenetic tree, between cyanobacterial PsbQ and plant/

algal PsbQ, suggests that PsbQ’ exhibits intermediate traits of both the green lineage and 

cyanobacteria. This makes sense because the other extrinsic subunits of PSII from red algae 

and diatoms are more closely related to cyanobacterial extrinsic subunits than those from the 

green lineage (Enami et al. 1998, 2005).

To visualize the structural regions of sequence similarity, we mapped the sequence similarity 

to a representative structure of PsbQ, that from Synechocystis 6803, color coding as shown 

in Fig. 2a. Compared to other regions, the sequence similarity is greater in the second 

α-helix, or α2, which is the closest α-helix to the PSII core (Fig. 1 and Fig. 2a). This 

conservation of the interacting α-helix suggests that PsbQ(′) subunits that do not have 

an accompanying molecular structure in complex with the PSII core, such as PsbQ from 

thermophilic cyanobacteria and the higher plant A. thaliana, also bind in the same way as 

those whose molecular structures have been solved. Thus, regardless of the organism, at 

least the four-helix bundle domain of PsbQ(′) appears likely to bind similarly to a peripheral 

lumenal domain of CP43 between PsbO and either PsbV in cyanobacteria, red algae, and 

diatoms, or PsbP in green algae and plants (Fig. 1).

Most of the conserved residues from the PsbQ(′) sequences are hydrophobic and their 

sidechains face the interior of the four-helix bundle (Fig. 2), suggesting they are conserved 

to maintain the four-helix bundle tertiary structure that requires a hydrophobic interior. 

Consistent with previous results (Thornton et al. 2004; Kashino et al. 2006), the cleavage 

site of a signaling sequence was detected by the SigP server (Almagro Armenteros et 

al. 2019) in the cyanobacterial sequences (highlighted red in Supplementary Fig. 4) just 

before a Cys residue that forms the thiol linkage to an N-terminal lipid modification that 

tethers PsbQ to the membrane (Kashino et al. 2006). Notably, the lipid modification is not 

present in algae and plants (Xingxing et al. 2018). The only fully conserved residue in the 

PsbQ(′) sequence alignment is a Trp found at the beginning of α3 within the Ncap motif 

as noted previously (Jackson et al. 2010; Michoux et al. 2014), Trp68 in the sequence from 

Synechocystis 6803 (Fig. 2 and Supplementary Fig. 4). Interestingly, this Trp residue is 

among the closest residues to the only part of PsbQ that interacts with PsbO (Gisriel et al. 

2021b). It may be that the Trp sidechain is involved, directly or indirectly, in stabilizing 

Gisriel and Brudvig Page 7

Photosynth Res. Author manuscript; available in PMC 2022 August 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



interactions between PsbQ(′) and PsbO. Consistent with this hypothesis, PsbQ-Trp68 in the 

Synechocystis 6803 PSII structure is directly adjacent to PsbQ-Arg122, which was thought 

to participate in an important electrostatic interaction for PsbQ binding (Gisriel et al. 2021b).

The most highly conserved of the PsbQ(′) binding interactions to the PSII core is a H-bond 

from the indole N of a conserved Trp residue in loop E of CP43 to the backbone carbonyl in 

a helical bend of α2 in PsbQ(′) (Fig. 3) (Gisriel et al. 2021b). This interaction is not obvious 

by the sequence alignments of PsbQ(′) (Supplementary Fig. 4) because only the backbone 

carbonyl of a PsbQ(′) residue is involved. The H-bond may be important for the bent 

conformation of α2, which is likely an integral part of the four-helix bundle structure for 

binding to PSII. Furthermore, the various hydrophobic residues on the interior of the bundle 

probably contribute to the helical bend motif, which is consistent with the observation that 

the majority of conserved residues in PsbQ(′) are hydrophobic and directed toward the 

center of the bundle as noted above.

PsbQ(′) calculated binding energies—The recent cryo-EM structure of PSII from 

Synechocystis 6803 containing PsbQ showed that electrostatic interactions stabilized PsbQ-

binding to PSII from the mesophilic cyanobacterium to a greater extent than for two 

thermophilic cyanobacteria, T. elongatus and T. vulcanus (Gisriel et al. 2021b). To test 

whether PsbQ(′) exhibits major differences in binding energies between a broader range 

of organisms, we performed in silico docking of those subunits to their respective PSII 

cores using ClusPro (Kozakov et al. 2017) to calculate their PIPER binding energies (Table 

1 and Supplementary Fig. 6). In short, ClusPro docks two models, iteratively performing 

energy minimizations based on coefficient sets that weigh molecular interactions differently 

(Kozakov et al. 2017). The results are consensus models that represent low-energy docked 

structures for a given coefficient set, the highest scoring and lowest energy of which we refer 

to as the “top model”. We note that the PIPER binding energies reported should not be taken 

as valid binding free energies because they do not include entropic contributions, and the 

coefficient weights are approximations optimized to yield reasonable cluster populations in 

docking (Kozakov et al. 2017); however, comparison of the PIPER energies provides insight 

into which cluster population is more favorable. A single constraint was applied to maintain 

the interaction of CP43-Trp with the PsbQ(′) subunit’s α2 helical bend (see “Materials 

and methods”) due to this interaction’s full conservation between organisms (Fig. 3). 

Nine docking simulations were performed in total using structures from the cyanobacteria 

Synechocystis 6803, T. elongatus, and T. vulcanus, the algae C. reinhardtii, C. caldarium, 

and C. gracilis, and the plants P. sativum, S. olercea, and A. thaliana. No structure of PsbQ 

was available from A. thaliana. Therefore, we created its homology model from the structure 

of PsbQ from S. oleracea.

Every docking simulation resulted in the top model being consistent with the experimentally 

derived molecular structure except that from S. oleracea (Supplementary Fig. 6). This 

suggests that, aside from the S. oleracea simulation, the calculated PIPER binding energies 

can be used to assess the relative binding energies for different models. We list the top 

model’s PIPER binding energy for each simulation and its corresponding coefficient set 

except from S. oleracea in Table 1. The calculated PIPER binding energies vary widely, 

with an average energy of − 1480 kcal/mol and standard deviation of 778 kcal/mol. An 
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electrostatic-favored coefficient set resulted in the lowest PIPER binding energy for every 

simulation except that from C. caldarium which gave the lowest energy for a hydrophobic-

favored coefficient set. These results suggest that electrostatic interactions are the primary 

force that drive PsbQ(′)-binding in the majority of cases. The top model’s PIPER binding 

energy for thermophilic cyanobacteria was ~ 200 kcal/mol greater than for the mesophilic 

cyanobacterium, Synechocystis 6803, which is consistent with previous results and may 

explain why PsbQ(′) is partially maintained in the molecular structure of PSII from 

Synechocystis 6803 but not in structures from thermophilic cyanobacteria: it does not bind 

as tightly (Gisriel et al. 2021b).

Generally, cyanobacterial PsbQ-binding is observed to be looser than PsbQ(′) binding 

in plants and algae, except maybe the red algae C. caldarium. We note that all of the 

models used in the docking simulations are incomplete to some extent at their N-terminus 

(Supplementary Table 4). In cyanobacteria, the N-terminus is tethered to the membrane 

and thus the missing residues probably do not strongly influence the calculated PIPER 

binding energy. In plants and algae, the much longer N-terminus interacts with other regions 

on the lumenal surface of the PSII complex (an example is shown in Supplementary Fig. 

7); therefore, missing residues are more likely to influence the docking simulation. Thus, 

the PIPER binding energies calculated for plants and algae are probably overestimates, 

especially for C. caldarium that is missing the greatest number of C-terminal residues 

from its model. For C. caldarium, this may also make the determination of the lowest 

energy coefficient set unreliable which strengthens the argument that electrostatic-favored 

interactions are the primary force involved in PsbQ-binding. These results suggest that the 

PsbQ(′) subunits are bound more tightly in plants and algae than in cyanobacteria which 

is consistent with the fact that only one cyanobacterial PSII structure maintains PsbQ, and 

only at partial occupancy (Gisriel et al. 2021b), whereas many molecular structures of PSII 

from plants and algae are available that maintain PsbQ(′). Lower PsbQ-binding affinity 

in cyanobacteria makes sense because it is kept in close proximity to the core by the 

N-terminal lipid anchor, whereas tighter PsbQ(′)-binding in algae and plants is required in 

the absence of a membrane tether.

Ion-binding sites in PsbQ(′)—Zn2+-binding sites have been observed in each of two 

X-ray crystal structures of PsbQ from S. oleracea (Calderone et al. 2003; Balsera et al. 2005) 

and one X-ray crystal structure of PsbQ from Synechocystis 6803 (Jackson et al. 2010), 

and a sulfate-binding site was assigned in another X-ray crystal structure of PsbQ from T. 
elongatus (Michoux et al. 2014), all of which are structures of the subunit alone not bound 

to the PSII core. None of these cation-binding sites are similar between the structures, and 

in all the structures the cations were present in the crystallization buffer, so it is challenging 

to determine their physiological relevance. Physiological roles for a Zn2+-binding site have 

been suggested for cyanobacterial PsbQ (Jackson et al. 2010) and plant PsbQ (Balsera et 

al. 2005), but all of the cation-binding sites in the X-ray crystal structures are found near 

crystallographic symmetry axes and most are partially coordinated by an adjacent symmetry 

mate. This suggests that the cation-binding sites found in these structures are a result of 

crystallization and may not be present in vivo. This notion is supported by the fact that none 

of the molecular structures of PsbQ(′) bound to the PSII core contain bound cations. We 
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cannot rule out that cations bind to any PsbQ(′) subunits in vivo, but we currently see no 

strong evidence for this based on observations from structural biology approaches.

Diversity in Psb27

Sequence and structural similarity in Psb27—The sequence identity for Psb27 

sequences from different organisms is generally higher than for the PsbQ(′) sequences, 

with a minimum of ~ 30%, a maximum of ~ 56% (Supplementary Table 5), and a mean of ~ 

40%. Obvious regions of sequence homology are observed in the alignment (Supplementary 

Fig. 8), consistent with the hypothesis that Psb27 proteins from all organisms share a 

common origin. A phylogenetic tree constructed from the sequence alignment follows the 

same topology as that of PsbQ(′) (Supplementary Fig. 5); however, Psb27 sequences could 

not be found using the blastp tool (Goujon et al. 2010) from the NCBI (query sequence 

of Psb27 from T. elongatus, NCBI code WP_011058295.1) for C. caldarium, C. gracilis, 

and P. sativum; therefore, the phylogenetic analysis is not ideally robust. The inability to 

identify these sequences could be due either to the absence of psb27 in their genomes or 

high divergence of Psb27 relatives that function similarly but contain too little sequence 

similarity to detect. We are unaware of any other extrinsic subunits transiently bound during 

PSII assembly, except possibly cyanobacterial PsbQ as discussed below, so Psb27 evolution 

may not be intertwined with that of other extrinsic subunits unlike the case for PsbQ(′). 
The higher degree of similarity between Psb27 sequences may suggest that some residues 

are under strong evolutionary selection to maintain Psb27’s function, resulting in slower 

evolutionary divergence.

Sequence similarity was mapped onto the structure of Psb27 from T. elongatus (Zabret et 

al. 2021) (Fig. 2) which shows that the highest sequence conservation is present in α3, the 

closest α-helix to the PSII core (Fig. 1), suggesting similar binding between organisms. 

As with PsbQ(′), many hydrophobic residues within the α-helices facing the center of 

the four-helix bundle are conserved (Fig. 2), probably exemplifying the importance of 

maintaining the tertiary structure of the bundle. Also like PsbQ(′), the SigP server (Almagro 

Armenteros et al. 2019) predicts a cleavage site in the cyanobacterial sequences (highlighted 

red in Supplementary Fig. 8) just before the Cys that is thiol-linked to Psb27’s lipid 

modification in vivo which agrees with previous results (Nowaczyk et al. 2006). The most 

highly conserved region in α3 of Psb27 corresponds to an interaction where the backbone 

carbonyl of a Pro residue in CP43’s loop C appears to form a H-bond to a highly conserved 

Asn sidechain from Psb27 (Fig. 4). Although this interaction was discussed in one of the 

publications presenting a structure of PSII with Psb27 bound (Huang et al. 2021), in both 

models, the sidechain of the Asn has its O atom point toward the O atom of the Pro’s 

backbone carbonyl moiety which is an unlikely configuration. Since the measured distance 

between those two O atoms is ~ 3.0 Å in the structures, we think it much more likely that 

the correct orientation of the Asn sidechain is flipped where the Asn N atom would donate 

a H-bond to the O atom of the Pro’s backbone carbonyl (yellow-highlighted arrow in Fig. 

4a). Interestingly, the CP43-Trp residue important for PsbQ(′)-binding (Fig. 3) is very close 

to the CP43-Pro residue that is important for Psb27-binding (Fig. 4); the distance between 

the Cα atoms of those residues in the T. elongatus and T. vulcanus Psb27-PSII structures are 

10.7 Å and 12.8 Å, respectively.
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Psb27-binding energies—To gain insight into the binding energies of Psb27 subunits to 

PSII, we additionally performed molecular docking simulations of Psb27 models to CP43 

models in the absence of other extrinsic subunits (Supplementary Fig. 9). Each simulation 

was restrained to maintain proximity of the CP43-Pro to the conserved Psb27-Asn due to 

this interaction’s high conservation (Fig. 3). Experimental models of Psb27 for C. reinhardtii 
and S. oleracea are not available, so we created their homology models using the A. thaliana 
Psb27 structure as a template (see “Materials and methods”). Because Psb27 sequences 

could not be identified for P. sativum, C. caldarium, and C. gracilis, they were neglected. 

It is important to consider that the calculation of the PIPER binding energy should only 

be considered reliable if the associated top model resembles the experimentally determined 

orientation; however, there are only two structures of Psb27 in complex with the PSII core 

and the two structures are nearly identical in how they bind Psb27, which makes sense 

because they are from highly similar thermophilic cyanobacteria (Huang et al. 2021; Zabret 

et al. 2021). Therefore, the experimental data for comparison of docking simulations is much 

less robust for Psb27 compared to what is currently available for the PsbQ(′) subunits. More 

structures of Psb27 bound to PSII from other organisms, like plants and algae, are desirable 

for more confident comparisons in the future.

Of the six docking simulations performed, only one resulted in top models where the Psb27 

orientation was similar to the experimentally determined Psb27-PSII structures: that from 

the plant A. thaliana (Supplementary Fig. 9). Two other simulations resulted in docking 

orientations close to the experimentally determined structures, those from T. vulcanus and S. 
oleracea. Unlike PsbQ(′), the calculated PIPER energies associated with Psb27 binding are 

relatively similar, with an average energy of −752 kcal/mol and a standard deviation of only 

83 kcal/mol. All of the top models were achieved using an electrostatic-favored coefficient 

set, suggesting that like PsbQ(′), binding of Psb27 to the PSII core is also facilitated mostly 

by electrostatic interactions, at least for the docking simulations that produced top models 

that are close to experimental structures.

Ion-binding sites in Psb27—Like PsbQ(′), we see no structural evidence that Psb27 

binds ions in vivo. There are two available X-ray crystal structures of Psb27 not in complex 

with PSII: one from T. elongatus (Michoux et al. 2012) and another from A. thaliana 
(Xingxing et al. 2018). The latter does not contain any ion-binding site but the X-ray crystal 

structure of Psb27 from T. elongatus contains a Cl− ion that is coordinated only by atoms 

within the asymmetric unit, possibly implying physiological relevance. The Psb27 structure 

in complex with PSII and Psb28, another assembly factor bound to the stromal side of 

PSII, does not contain an ion-binding site, even though the buffer used for cryo-EM sample 

preparation contained Cl− (Zabret et al. 2021), suggesting against physiological relevance 

for the Cl− site bound in the X-ray crystal structure (Michoux et al. 2012). On the other 

hand, the same Cl−-binding site found in the X-ray crystal of Psb27 from T. elongatus 
(Michoux et al. 2012) is modeled in the other cryo-EM structure from T. vulcanus where 

Psb27 is bound to PSII (Huang et al. 2021). To investigate this possible Cl−-binding site, we 

analyzed the accompanying cryo-EM map (Huang et al. 2021) but found no corresponding 

electrostatic potential (Supplementary Fig. 10). The authors reported that the starting model 

for Psb27 in the cryo-EM structure was the X-ray crystal structure of Psb27 from T. 
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elongatus (Huang et al. 2021); therefore, the Cl− ion may have been accidentally left in the 

coordinates. Although these observations do not rule out the possibility of ion-binding sites 

in Psb27 in vivo, like PsbQ(′), there is presently no strong evidence of such.

Discussion

A protein’s molecular structure is a valuable tool for understanding its function (Berman 

et al. 2000; Lee et al. 2007). Here, we show that PsbQ(′) and Psb27 exhibit very 

different properties even though their four-helix bundle tertiary structure, binding site, and 

molecular interactions with PSII are highly similar. The four-helix bundle is a common 

structural motif for globular proteins and fulfills a range of different functions in nature 

(Presnell and Cohen 1989), which is one reason it is an attractive motif for use in de 

novo protein design (Schafmeister et al. 1997). Protein multimerization has been shown 

to protect against deleterious mutations by forming hydrophobic interfaces (Hochberg et 

al. 2020). In evolutionary time, it is possible that the initial pressure to bind lumenal 

subunits such as PsbQ(′) and Psb27 to the PSII core was advantageous to select against 

mutations to the core subunits that would deactivate water oxidation. This is consistent with 

the observation that peripheral and extrinsic PSII subunits exhibit less sequence identity 

between cyanobacterial species compared to the core subunits (Gisriel et al. 2021b). As 

the lumenal subunits have themselves accumulated mutations, they have likely been further 

functionalized. The differing functional roles for PsbQ(′) and Psb27 probably highlights the 

complex mechanism of assembly and repair that the cell requires for maintaining PSII’s 

function (Heinz et al. 2016). We also note that, while PsbQ(′) in mature PSII appear to 

all maintain the same binding site, the observation that up to four PsbQ subunits bind per 

cyanobacterial PSII dimer (Liu et al. 2015) suggests that the function of PsbQ(′) could vary, 

dependent upon the assembly state, and that PsbQ(′) could fill one or more other binding 

sites on PSII. Furthermore, another four-helix bundle extrinsic subunit found in diatoms, 

Psb31, was observed in the cryo-EM structure of the PSII supercomplex from C. gracilis. 
Psb31 binds to the CP47 soluble domain (Pi et al. 2019) and shares very low sequence 

identity with PsbQ(′) (Okumura et al. 2008) but some structural similarity (Nagao et al. 

2013). Coupled with our results, these observations imply that four-helix bundle accessory 

subunits are commonly found during PSII maturation, both in immature assembly states and 

the mature complex, and exhibit much diversity between organisms.

Although PsbQ(′) from different organisms are clearly derived from a common ancestor and 

the binding of most or all appear to be driven by electrostatic interactions, their variable 

levels of divergence suggests an increased rate of evolution resulting in functional variation 

between organisms. This is a reasonable hypothesis because (a) experiments aiming to 

understand the role of PsbQ(′) have produced a broad range of organism-dependent results, 

(b) PsbQ(′) functions in complex with other extrinsic subunits that vary between organisms, 

and (c) our calculated PIPER binding energies vary drastically between organisms. An 

important factor that likely influences PsbQ(′) evolution and thus function between 

organisms is the variety of N-terminal interactions, which may be linked to the presence of 

peripheral antenna proteins with PSII or lack thereof. No peripheral transmembrane antenna 

proteins are known to associate with cyanobacterial PSII; therefore, there may be nothing 

to hinder the membrane-tethered PsbQ(′) from maintaining proximity with the lumenal 
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domain of PSII for delivery of the subunit to the PSII core during assembly. On the other 

hand, PSII from higher plants and algae have transmembrane peripheral light-harvesting 

antenna systems that surround the PSII core that could block, to some extent, the diffusion 

of lipid-tethered PsbQ(′). If the cyanobacterial PsbQ state is ancestral, it would suggest 

that plants and algae lost the PsbQ(′) membrane tether to accommodate peripheral antenna 

complexes. Consistent with this hypothesis, the cyanobacteria Prochlorococcus have evolved 

to use transmembrane Chl a/b-binding proteins as antenna rather than phycobilisomes 

(Ting et al. 2002), the PsbQ subunit is not found (Thornton et al. 2004; Fagerlund and 

Eaton-Rye 2011), and Psb27 lacks a lipid modification (Fagerlund and Eaton-Rye 2011). 

Coupled with functional variation due to interaction of the N-terminal extension with other 

extrinsic subunits, the loss of a membrane tether in plants and algae may also explain 

why a higher binding affinity is important compared to the lower binding affinity in most 

cyanobacteria where PsbQ is tethered. This hypothesis is also consistent with the fact that 

removal of the N-terminal lipid linkage from cyanobacterial PsbQ results in its depletion 

from Synechocystis 6803 thylakoid membrane preparations (Juneau et al. 2016).

For Psb27, previous cross-linking results from two different groups led to the proposal 

of conflicting Psb27-binding sites (Liu et al. 2011a; Cormann et al. 2016), and both 

were inconsistent with the recent experimental structures of Psb27 bound to the PSII 

core (Huang et al. 2021; Zabret et al. 2021). Few of our Psb27 docking simulations are 

consistent with the experimental Psb27-PSII structures, but we reiterate that Psb27 generally 

exhibits less divergence compared to PsbQ(′). Coupled with the high conservation of the 

CP43 subunits between organisms to which Psb27 binds, and lack of strong evidence 

suggesting that Psb27 binds in the presence of other extrinsic subunits that would result in 

drastic functional variation, we think it likely that Psb27 binds similarly in all organisms. 

Furthermore, it seems evident that a major factor in PsbQ(′) divergence, both functionally 

and evolutionarily, is the sequence divergence found in N-terminal extensions in plants 

and algae or its absence in cyanobacteria; however, for Psb27, there probably are no 

N-terminal extensions. Whereas it is well established that most cyanobacterial Psb27 have 

an N-terminal lipid modification (Nowaczyk et al. 2006), Psb27 in plants and algae instead 

have a bacterial peptidase cleavage site found in their sequence at a similar location (blue 

highlights in Supplementary Fig. 8). In A. thaliana, it is assumed that cleavage occurs at this 

site (Chen et al. 2006), but we could not find any direct evidence for this; however, it is a 

reasonable suggestion because the chloroplast in eukaryotes arose from a cyanobacterium 

in an endosymbiotic event (Gokøyr 1967; Martin et al. 2002). If Psb27 is cleaved by 

a bacterial peptidase in green plant lineage organisms, it would make the N-terminus a 

similar length to Psb27 from cyanobacteria, suggesting similar functions between organisms, 

consistent with our observation of relatively low sequence divergence (Supplementary Fig. 

8 and Supplementary Table 5). Future studies that characterize the N-termini of Psb27 from 

members of the green plant lineage may provide insight into functional diversity in Psb27.

Though Psb27 probably binds similarly between organisms, all the following observations 

suggest that the nature of bound Psb27 is relatively flexible: (a) there are conflicting cross-

linking results (Liu et al. 2011a; Cormann et al. 2016), (b) molecular structures of Psb27 

in complex with PSII show that Psb27 overlaps with the PsbO-binding site (Huang et al. 

2021; Zabret et al. 2021) yet PSII complexes with both Psb27 and PsbO bound have been 
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observed (Liu et al. 2011b), (c) the region of Psb27 in cryo-EM maps of Psb27-PSII exhibits 

the lowest local resolutions in the entire map for both structures (Huang et al. 2021; Zabret 

et al. 2021), (d) there is high variation and low confidence in docking simulations performed 

here and reported previously (Cormann et al. 2016), and (e) the calculated binding energies 

that do seem reliable reported here suggest weak molecular interactions (Supplementary Fig. 

9). In consideration of these observations, we suggest that the conserved interaction of the 

Pro in the CP43 loop C acts as a hinge from which Psb27 exhibits high mobility. This 

is probably be an important characteristic of Psb27 function so as to decrease the binding 

affinity of PsbO as suggested previously (Zabret et al. 2021) prior to photoactivation, while 

also avoiding a strong influence on the CP43 loop E that would interrupt photoactivation. 

This is consistent with the observation that the soluble domain of CP43 exhibits little 

variation whether Psb27 is bound (Huang et al. 2021; Zabret et al. 2021) or unbound (Gisriel 

et al. 2020) (Supplementary Fig. 2). We note that multiple groups have suggested that 

flexibility in the CP43 soluble domain itself is an important characteristic of PSII during 

photoactivation (Gisriel et al. 2020; Tokano et al. 2020; Avramov et al. 2020); therefore, 

contrary to previous suggestions that Psb27 stabilizes PSII, we suggest that Psb27’s inherent 

mobility when bound may be an important influencer of cation entry into the OEC-binding 

site during photoactivation.

Conclusions

There are remarkable similarities between PsbQ(′) and Psb27. Namely, they all exhibit 

four-helix bundle tertiary structures, they bind to the same site on the soluble domain of 

CP43, electrostatic interactions appear to be the primary force that drives their binding, and 

both PsbQ(′) and Psb27 exhibit an N-terminal lipid modification in prokaryotes whereas 

the eukaryotic proteins do not. However, they also exhibit many differences that are not 

obvious at first glance: PsbQ(′) exhibits high divergence between organisms which probably 

results from variation of the N-terminus, while Psb27 shows much less divergence. It also 

exhibits a range of binding energies between organisms whereas Psb27 probably do not, 

and the flexibility of bound Psb27 may contribute to its unique function unlike PsbQ(′) that 

are important in stabilization of the PSII lumenal domain. Further investigation is required 

to better understand the roles of these subunits between organisms, especially Psb27 about 

which little is understood.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Overview of PsbQ(′) and Psb27 binding. Representative PSII structures are shown where 

PsbQ is bound (PDB 7N8O, left), which occupies the same binding site as PsbQ(′) in plants 

and algae, and where Psb27 is bound (PDB 7NHP, right). Protein ribbons are shown where 

the structures are colored grey except for PsbQ and Psb27, which are colored green. Two 

views are shown for each. In the top row, the N- and C-termini are labeled, and in the bottom 

row, the four α-helices are labeled from N- to C-terminus
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Fig. 2. 
Local sequence similarity of PsbQ(′) and Psb27. In both panels, sequence alignments were 

performed using Clustal Omega (Sievers et al. 2011) and a representative structure of 

PsbQ(′) or Psb27 was visualized using UCSF Chimera (Pettersen et al. 2004), color coding 

sequence similarity from large radii and green ribbons (high similarity) to small radii and 

red ribbons (low similarity). Two views of each are shown and residues exhibiting ≥ 50% 

sequence similarity are labeled, α-helices are labeled from N- to C-terminus, and the one 

labeled in bold font is that which interfaces with the PSII core. The last modeled residues 

closest to the N- and C-termini, or the terminal residue if it is modeled in the corresponding 

structure, are additionally labeled. A Structure of PsbQ from Synechocystis 6803 (PDB 

7N8O). The helical bend conserved between PsbQ(′) structures is labeled. B Structure of 

Psb27 from T. elongatus (PDB 7NHP)
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Fig. 3. 
Binding site of PsbQ(′) and conserved CP43-Trp interaction. A Superimposed PsbQ(′)-
containing PSII structures. Structures are colored grey except the PsbQ(′) subunit where that 

from Synechocystis 6803 is yellow, C. caldarium is pink, C. gracilis is brown, C. reinhardtii 
is green, P. sativum is blue, and S. oleracea is cyan. The regions of PsbO and PsbV/PsbP, the 

intermembrane region of the protein complexes, and the lumenal space, are labeled. B Focus 

on the PsbQ(′)-CP43 interface where a conserved CP43-Trp sidechain donates a H-bond 

to the backbone of α2 in its helical bend of each PsbQ(′) subunit. PsbQ(′) is colored as 

in A. C Partial sequence alignment of the CP43-loop E showing the conservation of the 
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Trp residue (purple) in B. Bold sequences correspond to those structures shown in A and 

B, which are those PSII structures with associated PsbQ(′) subunits. The Clustal Omega 

(Sievers et al. 2011) sequence similarity identifiers are shown below the sequence alignment. 

Synechocystis 6803 is abbreviated S. 6803
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Fig. 4. 
Binding site of Psb27 and conserved CP43-Pro interaction. A Superimposed Psb27-

containing PSII structures. Structures are colored grey except the Psb27 subunits where 

that from T. elongatus (Zabret et al. 2021) is orange and that from T. vulcanus (Huang 

et al. 2021) is purple. Additionally, the CP43-Pro residue that we suggest forms a H-

bond with a Psb27-Asn sidechain important for Psb27-binding, and the CP43-Trp residue 

important for PsbQ(′)-binding, are colored tan. A yellow-highlighted arrow signifies that 

the Asn sidechain in both models are likely modeled incorrectly where the O and N 

atoms of the sidechain should be reversed. Applicable α-helices from Psb27 are labeled. 

Gisriel and Brudvig Page 24

Photosynth Res. Author manuscript; available in PMC 2022 August 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



B Partial sequence alignment of the CP43-loop C showing the conservation of the β-hairpin 

containing an important Pro residue (purple) in A. C Partial sequence alignment of the 

Psb27-α3 showing the conservation of the Asn residue (purple) in A. For B and C, bold 

sequences correspond to those structures shown in A, which are those PSII structures 

containing Psb27, and the Clustal Omega (Sievers et al. 2011) sequence similarity identifiers 

are shown below the sequences. Synechocystis 6803 is abbreviated S. 6803
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