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Abstract The biogenesis and oxygen-evolving activity of

cyanobacterial Photosystem II (PSII) is dependent on a

number of accessory proteins not found in the crystallised

dimeric complex. These include Psb27, a small lipoprotein

attached to the lumenal side of PSII, which has been

assigned a role in regulating the assembly of the Mn4Ca

cluster catalysing water oxidation. To gain a better

understanding of Psb27, we have determined in this study

the crystal structure of the soluble domain of Psb27 from

Thermosynechococcus elongatus to a resolution of 1.6 Å.

The structure is a four-helix bundle, similar to the recently

published solution structures of Psb27 from Synechocystis

PCC 6803 obtained by nuclear magnetic resonance (NMR)

spectroscopy. Importantly, the crystal structure presented

here helps us resolve the differences between the NMR-

derived structural models. Potential binding sites for Psb27

within PSII are discussed in light of recent biochemical

data in the literature.
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Abbreviations

D1 Photosystem II reaction centre subunit

encoded by psbA

D2 Photosystem II reaction centre subunit

encoded by psbD

CP43 and CP47 Photosystem II proximal

light-harvesting subunits encoded by

psbC and psbB, respectively

PsbO Photosystem II manganese-stabilising

polypeptide

PsbV Cytochrome c-550

PsbU Photosystem II 12-kDa extrinsic protein

RC47 Photosystem II complex lacking CP43

RCC1 Monomeric photosystem II

RCC2 Dimeric photosystem II

RMSD Root mean square deviation

Introduction

The Photosystem II (PSII) complex functions as the light-

driven water:plastoquinone oxidoreductase of oxygenic

photosynthesis and is found in the thylakoid membranes of

cyanobacteria and chloroplasts. The structure of dimeric

PSII has been determined by X-ray crystallography for the

cyanobacteria Thermosynechococcus elongatus (Ferreira
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et al. 2004; Loll et al. 2005; Guskov et al. 2009) and

Thermosynechococcus vulcanus (Kamiya and Shen 2003;

Umena et al. 2011). In the case of T. elongatus, each

monomer is composed of 17 intrinsic and 3 extrinsic sub-

units and a variety of co-factors. The way in which PSII is

assembled from its component parts is still largely

unknown. Several PSII sub-complexes have been identified

and characterised in cyanobacterial membranes, which has

allowed us to propose detailed models for the assembly of

PSII (Nixon et al. 2010). Recent ideas suggest that

monomeric PSII complexes are assembled from smaller

sub-complexes (Boehm et al. 2011). First, a PSII reaction

centre (PSII RC) complex is formed from PsbI-precursor

D1 (Dobakova et al. 2007) and cytochrome b559-D2 (Ko-

menda et al. 2004) sub-complexes. A CP47 complex is

then attached to create the RC47 complex, after which the

CP43 complex is added to form non-oxygen-evolving

monomeric PSII complex. At this stage the oxygen-

evolving Mn4Ca cluster is assembled, the lumenal extrinsic

proteins are attached and PSII can dimerise.

The PSII complex is prone to light-induced damage,

often termed photoinhibition (Adir et al. 2003). Damaged

subunits, predominantly the D1 subunit, are replaced in the

so-called ‘PSII repair cycle’. Current models suggest that

the damaged PSII complex partially disassembles to the

form the monomeric RC47 complex (Komenda et al.

2004), and the damaged D1 protein is degraded by an FtsH

protease complex (Barker et al. 2006) and replaced by a

newly synthesised copy of D1. Oxygen-evolving mono-

meric and dimeric complexes are then reformed as in PSII

assembly.

A number of accessory factors have recently been identi-

fied in cyanobacteria with possible roles in the assembly of

PSII but which are absent in the PSII holoenzyme (reviewed in

Nixon et al. 2010). These include the Psb27 subunit which is

predicted to be targeted to the thylakoid lumen and which was

originally identified in PSII preparations isolated from Syn-

echocystis sp. PCC 6803 (hereafter Synechocystis 6803) by

Ikeuchi et al. (1995) and later by Kashino et al. (2002). Sub-

sequently, non-oxygen-evolving PSII monomeric complexes

were isolated containing Psb27 but lacking the extrinsic PsbO,

PsbU and PsbV proteins (Nowaczyk et al. 2006; Mamedov

et al. 2007). Mutant studies support the idea that Psb27 is

involved in regulating the assembly of the Mn4Ca cluster

(Nowaczyk et al. 2006; Roose and Pakrasi 2008). However,

the binding site of Psb27 in PSII is currently unknown.

Psb27 is present in all known oxygenic phototrophs

except Gloeobacter violaceus. Analysis of the cyanobac-

terial phylogenetic tree in (Gupta 2009) would suggest that

Psb27 was present in the last common ancestor of cyano-

bacteria, and has been lost in Gloeobacter. In most cya-

nobacteria, Psb27 is thought to be a lipoprotein (Nowaczyk

et al. 2006); however, in Prochlorococcus sp, Synecho-

coccus JA-3-3ab and Synechococcus JA-3-3B0a2, the pre-

dicted lipobox sequence is absent. Two Psb27 homologues

are found in Arabidopsis thaliana chloroplasts (Fig. 1),

neither of which appears to be a lipoprotein, in common

with other higher plant Psb27 sequences (Chen et al. 2006;

Wei et al. 2010).

To gain a better understanding of the molecular function

of Psb27, two groups have independently proposed 3D

structural models of the Psb27 protein from Synechocystis

6803 using nuclear magnetic resonance (NMR) spectros-

copy methods (Cormann et al. 2009; Mabbitt et al. 2009).

In both cases, Psb27 was revealed to be a four-helix bun-

dle; however, there are significant differences in the two

structural models which complicate attempts to determine

the potential binding site of Psb27 in PSII using in silico

docking approaches. While Cormann et al. (2009) located

the Psb27 protein in proximity to CP47, Mabbitt et al.

(2009) placed it on the other side of the complex, next to

CP43.

In this article, we report the 3D crystal structure of the

soluble domain of Psb27 from T. elongatus to a resolu-

tion of 1.6 Å. Our structure confirms that Psb27 is a

four-helix bundle in T. elongatus and has helped us

Fig. 1 Amino acid comparison between Psb27 from Synechocystis
6083 and T. elongatus. Alignment of the Psb27 from T. elongatus
(tll2464) versus that from Synechocystis 6803 (slr1645) and the two

homologues found in Arabidopsis (At1g05385 for LPA19 and

At1g03600). The alignment was computed using ClustalX

(Thompson et al. 1997), and rendered with TeXshade (Beitz 2000).

Identical residues are in black; similar residues in grey. The transit

sequences and lipidated cysteines in cyanobacteria are marked. The

four main helices and helix * are indicated with grey boxes
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resolve differences in the NMR-derived structural models

to allow a reassessment of the potential binding site

within PSII.

Materials and methods

Thermosynechococcus elongatus BP1 strain

The wild-type T. elongatus strain was obtained from Prof.

James Barber (Imperial College London, UK).

Psb27 construct generation

The DNA sequence corresponding to the Psb27 homologue

of T. elongatus (tll2464) without its predicted signal pep-

tide and the sequence encoding the lipid-binding residue

Cys22 was cloned into a pRSET-A vector modified to add a

thrombin cleavage site (gifted by Dr Ernesto Cota, Imperial

College London). The corresponding PCR fragment was

amplified from T. elongatus genomic DNA using Phusion

polymerase (NEB, UK) and primers Psb27-BamHI-F

(50-TATATAGGATCCAATGTGCCTACGGGGCTAAC

GGGCAAT-30) and Psb27-HindIII-R (50-TCTCTCAAG

CTTTTACTAGGACTTCGCTTCGCGATCAAGGGCGA

GT-30), double digested by BamHI/HindIII and ligated

(Quick Ligation Kit, NEB, UK) into the modified and

BamHI/HindIII linearised pRSET-A. The vector was then

transformed into KRX Escherichia coli cells (Promega,

UK).

Expression, purification and crystallisation of Psb27

Expression of His6-tagged Psb27 was induced by the addition

of 2 g/l of rhamnose, and cells were grown at 18�C overnight.

Cells were lysed with a sonicator (Sonics and Materials, CT,

USA) in lysis buffer (50 mM Tris–HCl pH 7.9, 500 mM NaCl

and 1 mM MgCl2) supplemented with one Complete Protease

Inhibitor Cocktail-EDTA Tablet (Roche, UK) per 50 ml lysis

buffer. Broken cells were spun down for 10 min at 4�C at

18,0009g and the supernatant was mixed with a Ni-IDA resin

(Generon, UK). Non-specifically bound proteins were

removed by washing three times with wash buffer (20 mM

Tris–HCl pH 7.9, 500 mM NaCl and 60 mM imidazole) and

His6-Psb27 was eluted with elution buffer (20 mM Tris–HCl

pH 7.9, 500 mM NaCl and 1 M imidazole). Purified His6-

Psb27 was further dialysed overnight at 4�C in 20 mM Tris–

HCl pH 7.9 and 200 mM NaCl. The His-tag present in the

construct was removed by thrombin (GE Healthcare, UK)

digestion at a ratio of 1 U of thrombin per 100 lg of purified

Psb27. Proteolysis was performed overnight at 4�C, and the

digested sample was reloaded onto a Ni-IDA column. The

flow through containing Psb27 without the His-tag was

concentrated at 4�C to 26 mg/ml with a centrifugal concen-

trator device with a molecular weight cut off of 3.5 kDa

(Sartorius, Germany). Protein was screened against sparse

matrix screens using a Mosquito robot. Small crystals were

seen fortuitously in a condition that had been improperly

sealed, increasing the precipitant concentration. Custom

screens against high concentrations of PEG were then per-

formed. Crystals for structure solution were grown by hanging

drop vapour diffusion with protein solutions at 26 mg/ml

mixed with an equal volume of 35–40% PEG 4000. Crystals

were cryoprotected in the mother-liquor solution with 30% (v/

v) glycerol added, then flash-cooled in liquid nitrogen.

Protein structure determination

Data were integrated and scaled with XDS (Kabsch 2010) or

MOSFLM (Leslie 1992) and programs of the CCP4 suite

(1994). 5% of reflections were set aside as the free set for

cross-validation. The first model in the PDB file 2KMF was

truncated using Chainsaw MIXS mode (Stein 2008), and used

as a model in PHASER (McCoy et al. 2007). A search was

performed against a preliminary 1.9 Å resolution dataset. The

top scored solution had a low translation Z-score (4.3) and log-

likelihood gain (34). However, when this solution was refined

in REFMAC the Rfree dropped rapidly, indicating that it was

correct (Table 1). The structure was refined against higher

resolution data from another crystal in REFMAC (Murshudov

et al. 1997) with cycles of manual model-building in COOT

(Emsley et al. 2010).

Protein Data Bank accession code

The refined co-ordinates of the 3D model of Psb27 from

T. elongatus have been deposited at the Protein Data Bank

using the accession code 2Y6X.

Results and discussion

Expression and crystallisation of the Psb27 protein

from T. elongatus

An N-terminal His6-tagged derivative of Psb27 (tll2464

gene product) from T. elongatus was overexpressed in

E. coli. The sequence corresponding to the N-terminal

signal peptide and the lipidated cysteine of Psb27 (Nowa-

czyk et al. 2006) (Fig. 1) was replaced by a 6xHis tag and a

thrombin recognition site LVPRGS. Sequence alignments

between Psb27 from T. elongatus and from Synechocystis

6803 (used for NMR structure determination) revealed an

amino-acid identity of 56% and a similarity of 75%

(Fig. 1).
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Soluble His6-Psb27 was purified to near homogeneity by

immobilized metal ion affinity chromatography (IMAC).

After elution of His6-Psb27 from the Ni2?-charged column,

a single band migrating at about 15 kDa was detected by

Coomassie staining, corresponding to the molecular mass

of His6-Psb27 (Online Resource Fig. S1.a). The His-tag

was removed by thrombin cleavage (Online Resource

Fig. S1.b) and Psb27 was re-purified and concentrated to

26 mg/ml. After cleavage, the predicted N-terminus of

expressed Psb27 started with the amino-acid sequence

GSANVP, the amino acids glycine and serine derived from

the thrombin cleavage site. Crystallisation screenings were

performed using hanging drop plates, resulting in the for-

mation of crystals in high concentrations (35–40%) of PEG

4000 (Online Resource Fig. S2).

3D crystal structure of Psb27

Native datasets were obtained at a resolution of 1.6 Å, and

a molecular replacement using each model structure of

Psb27 from Synechocystis 6803 (PDB: 2KMF and 2KND)

was attempted. Only molecular replacement using 2KMF

(Mabbitt et al. 2009) allowed the solution of the 3D

structure of Psb27 from T. elongatus (Fig. 2). This 3D

structure has four helices arranged in a right-handed up-

down-up-down fold (H1–H4), as well as a small helix

between H2 and H3 (designated H*), and a less-ordered

N-terminus, where the lipocysteine is located in native

Psb27. The N-terminal residues, GSANV, were not visible

Table 1 Data collection and

refinement statistics for the

Psb27 crystal structure

Rmeas = Sum(h) [Sqrt(n/(n -

1)) Sum(j) [I(hj)]]

5% reflections in Rfree

Lower resolution

native

High resolution native

X-ray source Soleil Proxima-1 Diamond I04

Data processing XDS Mosflm/Scala

Space group P212121 P212121

Unit-cell parameters a = 36.930 Å, b = 50.820 Å,

c = 53.070 Å, a = b = c = 90

Wavelength (Å) 1.12713 1.28310

Resolution (Å) 45–1.94 (2.06–1.94) 30.3–1.6 (1.69–1.60)

Measured reflections 34,838 (5,473) 196,836 (12,971)

Unique reflections 7,694 (1,191) 13,705 (1,963)

Mn(I/sd) 10.47 (2.78) 15.9 (3.16)

Completeness (%) 98.7 (97.2) 99.8 (100.0)

Multiplicity 4.53 (4.60) 6.52 (6.61)

Rmeas (%) 0.13 (0.79) 0.07 (0.63)

Solvent content (%) 39%

Rwork/Rfree (%) 19.0/23.8

Protein atoms 894

Solvent atoms 131

RMSD from ideal

Bond lengths (Å) 0.023

Bond angles (�) 1.892

Average B factor (Å2) 16.8

Ramachandran favoured region (%) 100

Ramachandran allowed region (%) 0

Fig. 2 Crystal structure of Psb27 from T. elongatus 3D structure of

Psb27 from T. elongatus (PDB 2Y6X) obtained by molecular

replacement and visualised using PyMol (DeLano 2002). Alpha

helices are indicated as H1–H4 and H*
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in the crystal structure; the first amino acid that could be

identified was the proline residue at position 26 in the

precursor Psb27 sequence.

Comparison of Psb27 structures

Our 1.6 Å resolution structure was compared to the pre-

viously published NMR structures for Psb27 from Syn-

echocystis 6803 and was found to have a more compact and

folded 3D structure. The denser nature of a protein crystal

could explain the more compact and defined shape of

Psb27 from T. elongatus as compared to the more flexible

structures obtained by NMR of Psb27 from Synechocystis

6803.

A more detailed analysis of the backbone structures

(Fig. 3a) and the surface charges (Fig. 3b) led to the

identification of several differences with previously pub-

lished Psb27 NMR structures. Based on a comparison of

the Psb27 backbones (Fig. 3a), the overall structure of

Psb27 from T. elongatus appears to be more similar to the

2KMF NMR structure of Psb27 from Synechocystis 6803,

with average distances measured between these two

superimposed 3D models (RMSD) reaching only 1.8 Å,

whereas the same parameters led to a value of 4.1 Å for

2KND. Furthermore, the surface charges seem to have a

better correlation between Psb27 from T. elongatus and the

2KMF structure of Synechocystis 6803 (Fig. 3b).

Of particular interest are the surface charges located on

helices H3 and H4, which were previously described as

being the potential binding region of Psb27 to PSII

(Cormann et al. 2009). In the crystal structure and in the

2KMF NMR structure, the H3 helix does not have a global

positive charge as compared to helix H4 (Fig. 3b), most

likely due to the residue glutamate 98 (Glu98), numbered

accordingly to the annotation of both NMR structures. This

residue, which corresponds to the glutamate residue at

position 119 in T. elongatus and position 121 in Synecho-

cystis (numbering for the precursor proteins in Fig. 1),

seems to be buried in the 2KND structure. More-

over, helices 1 and 2 are largely out of register in

structure 2KND.

From these discrepancies, it would appear that the

binding region of Psb27 cannot be predicted using the

2KND NMR structure, raising doubts on the validity of the

recently published docking model, which localised Psb27

in the vicinity of CP47 and D2 (Cormann et al. 2009).

In silico localisation of Psb27 on the lumenal side

of PSII

The Psb27-binding site in PSII is currently unknown.

However, candidate sites can be suggested on the basis of

in silico docking experiments coupled with the currently

available biochemical data. Docking of T. elongatus Psb27

against the PSII structure of T. elongatus (PDB code 3BZ1)

with extrinsic proteins removed was performed using the

Hex docking server (Macindoe et al. 2010). Docking

solutions not on the lumenal side of the membrane were

rejected as implausible based on prior knowledge. Of the

rest, the best ten docking solutions clustered around the

Fig. 3 Comparison between our Psb27 structure and previously

published NMR structures of Psb27. a The previously published

backbones were compared using the root mean square deviation

(RMSD), as indicated, when superposing each Synechocystis 6803

Psb27 (2KMF, pink and 2KND, cyan) onto T. elongatus Psb27

(black) respectively. b The surface charges of each Psb27 protein are

visualised from the H3–H4 side (top) and H* side (bottom) views.

The potential location of the amino acid glutamate 98 (numbered as in

both NMR structures) is indicated. The colour code representing the

surface charges are blue for positive charges, red for negative

charges. All figures were created using Pymol (deLano 2002)

Photosynth Res (2012) 110:169–175 173

123



PsbV-binding site, as shown in Fig. 4, in line with an

earlier suggestion (Mabbitt et al. 2009). Such a location for

Psb27 binding in PSII is consistent with recent studies

showing that Psb27 co-purifies with the unassembled CP43

complex, that the large lumenal loop of CP43 connecting

the fifth and sixth transmembrane helices is sensitive to

proteolytic cleavage in vivo in the absence of Psb27

(Fig. 4, red section of CP43; Komenda et al. 2011) and that

LPA19, a Psb27 homologue, recognises the C-terminal

region of D1 in Arabidopsis (Wei et al. 2010). In addition,

the docking solutions shown in Fig. 4 do not occupy the

binding site for PsbO consistent with recent studies sug-

gesting that PsbO, but not PsbV, is still able to bind to

monomeric PSII complexes containing His-tagged Psb27

(Liu et al. 2011a). Other docking programmes have placed

Psb27 closer to the PsbO-binding site but still on the CP43

side of the complex (Fagerlund and Eaton-Rye 2011).

Recent chemical cross-linking experiments also support an

association between CP43 and Psb27 (Liu et al. 2011b).

One of the cross-linked sites in CP43, at residue CP43-

Asp321, lies in the predicted binding site for Psb27 shown

in Fig. 4, whereas the second site, at CP43-Lys215, is

located much further away. However, it is not yet clear

whether these cross-links occur between Psb27 and CP43

bound to the same monomeric PSII complex or reflect a

non-physiological interaction between Psb27 and CP43

bound to two separate PSII complexes.

In conclusion, we have solved the crystal structure of the

Psb27 protein from T. elongatus. In silico docking exper-

iments and recent biochemical data suggest a possible

binding site for Psb27 close to the PsbV-binding site in

PSII. Future studies will need to test this possibility.
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