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We report the high resolution structure of the spinach PsbQ protein, one of the main extrinsic 

proteins of higher plant photosystem II (PSII). The crystal structure shows that there are two well 

defined regions in PsbQ, the C-terminal region (residues 46−149) folded as a four-helical up-down 

bundle and the N-terminal region (residues 1−45) that is loosely packed. This structure provides, for 

the first time, insights into the crucial N-terminal region. First, two parallel β-strands cross spatially, 

joining the beginning and the end of the N-terminal region of PsbQ. Secondly, the residues Pro9-

Pro10-Pro11-Pro12 form a left-handed helix (or a polyproline type-II, PPII, structure), which is 

stabilized by hydrogen bonds between the Pro peptide carbonyls and solvent water molecules. And 

thirdly, residues 14−33 are not visible in the electron density map, suggesting that this loop might 

be very flexible and presumably extended when PsbQ is free in solution. Based on the essential role 

of the N-terminal region of PsbQ in binding to PSII, we propose that both the PPII structure and the 

missing loop are key secondary structure elements in the recognition of specific protein-proteins 

interactions between PsbQ and other oxygen-evolving complex extrinsic and/or intrinsic proteins of 

PSII. In addition, the PsbQ crystal coordinates two Zn2+ ions, one of them is proposed to have a 

physiological role in higher plants based on the fully conservation of the ligand protein residues in 

the sequence subfamily. 
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INTRODUCTION 

 

One of the most amazing biochemical processes on Earth is the oxidation of water by photosystem 

II (PSII), a multienzymatic complex found in the thylakoid membrane of oxyphotoautotrophs, 

which releases molecular oxygen as a by-product that reaches the atmosphere. The reaction takes 

place at the lumenal (or donor) side of PSII, where the oxygen-evolving complex (OEC) 

accumulates four oxidizing equivalents in its bioinorganic active site, consisting of a cluster of four 

redox-active Mn ions and other non-active redox cofactors such as Ca2+, Cl− and HCO3
−.1-4 

Recently, the structure of the PSII core complex, which consists of over twenty intrinsic and 

extrinsic proteins denoted as PsbA−Z, has been obtained from two species of thermocyanobacteria 

at 3.8,5 3.76 and 3.57 Å resolution. These X-ray structures pinpoint the transmembrane helices of the 

intrinsic proteins, the extrinsic proteins (also denoted as the OEC extrinsic proteins) at the lumenal 

side of PSII, and most pigments and redox cofactors of inner antennae and the heterodimeric 

reaction center of PSII. Slight and major differences in the position of some small intrinsic subunits 

and also profound ones in the composition and binding properties of OEC extrinsic proteins of PSII 

have been respectively reported among all oxyphotoautotrophs.8-13 In particular, OEC extrinsic 

proteins of higher plants and green algae comprise the subunits PsbO, PsbP and PsbQ, whereas 

those of photosynthetic prokaryotes and non-green algae consist of the subunits PsbO, PsbV and 

PsbU, and a unique 20 kDa protein (also denoted as PsbQ´ due to its homology to PsbQ) is only 

present in non-green algae.14-16 Homology has been found between prokaryotic proteins from 

cyanobacteria and green oxyphotobacteria and eukaryotic PsbP and PsbQ in higher plants. This 

homology points to a prokaryotic origin for PsbP and PsbQ proteins.15,17-18 Although their precise 

location in cyanobacterial PSII remains unknown,17-18 they have been proposed to play a role as 

regulatory proteins in the assembly and/or maintanance of optimally active PSII complexes, 

particularly under Ca2+ and Cl− depleted conditions. 
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As mentioned above, a nearly complete picture of the 3D structure and the location of the 

OEC extrinsic proteins of cyanobacterial PSII is at present available. However, the precise 

arrangement of the OEC extrinsic proteins—PsbO, PsbP and PsbQ—at the donor site of higher 

plant PSII is still far from being accomplished. Recently, some progress has been obtained in the 3D 

structure of the OEC extrinsic proteins of higher plant PSII. The PsbP of Nicotiana tabacum PSII 

has been determined by X ray crystallography19 and the 3D structure of the C-terminal region of the 

native spinach PsbQ protein has also been determined.20 In contrast to PsbP and PsbQ, no 3D 

structure of higher plant PsbO has yet been determined at high resolution, although the features of 

its structure is expected to be similar to cyanobacterial PsbO based on homology (>30% identity). 

Despite a wealth of information on the 3D structure of higher plant PsbP and PsbQ (and presumably 

PsbO), little is yet known about their location at the lumenal side of PSII. To date, only 3D maps 

derived from electron cryoelectron microscopy of the overall shape of the plant OEC protusions 

images at medium resolution have been reported.21-24 

A computational-based threading model for the C-terminal region of PsbQ, concurrent with 

the X-ray resolved structure, has been reported.25 The close agreement of these two models 

indicates that the PsbQ C-terminal region folded structure is a four-helical up-down bundle. 

However, both model and crystal structures fail to give a clear picture of the spatial arrangement of 

the first 45 residues of the N-terminal region. This region is enriched in Gly and Pro residues and 

predicted to have a non-canonical secondary structure together with two small β-strands.26 

Intriguingly, the N-terminal region is proposed to be responsible for PsbQ binding to the lumenal 

side of PSII as this extrinsic protein does not recognizes the PSII when its N-terminal region is 

partly degraded.27 In this respect, further structure details of the N-terminal region of PsbQ are 

required if the specific interaction of this protein with PSII has to be elucidated. 

 With these aims in mind, we conducted this study on the 3D structure of PsbQ. We have 

determined a nearly complete structure of PsbQ at high resolution. The elucidation of this crystal 

structure has let to insights into the N-terminal region of PsbQ, not resolved before. This structural 



 5

information can be helpful in understanding how PsbQ interacts with the lumenal side of PSII and 

with its specific prolyl-endopeptidase. 

 
RESULTS  
 
Overall structure of PsbQ. The refined model of PsbQ reveals that its monomeric structure has an 

elongated shape that resembles a prolate ellipsoid of revolution with dimensions of 50x40x15 Å3 

(Figure 1). The overall shape is the result of the contribution of two different structural regions: the 

N-terminal region (residues 1−44) and the C-terminal region (residues 45−149). The C-terminal 

region is folded as a four up-down helical bundle with short loops connecting the helices (Figure 1) 

and is similar (root mean square deviation 0.4 Å for 103 Cα atoms) to that observed in the 

uncompleted model reported for native spinach PsbQ20. On the contrary, the N-terminal region, the 

first reported for a member of the PsbQ family, is loosely packed showing extended conformational 

elements and two short β-strands. Despite the high resolution (1.49 Å), the loop between residues 

14−33 showed significant disorder in the crystal structure and no structure for this region could be 

assigned. The little success in resolving the 3D structure of this sequence fragment, no matter the 

crystal growing conditions used (see Methods), points to the conclusion that the high disorder in 

this particular loop is associated with its own natural flexibility, at least when PsbQ is free in 

solution. As determined by the GRASP program,28 the charged residues are not uniformly 

distributed all around the surface of PsbQ (Figure 2). While the electrostatic potential surface of one 

side of PsbQ, comprising the N-terminal region and α-2 and α-3 helices, is positively charged 

(Figure 2 left), the other side, comprising the N-terminal region and α-1 and α-4 helices, is mostly 

non-polar (Figure 2 right). Interestingly, sequence analysis (see below) reveals that conserved and 

tree-determinant residues—i.e. those residues only conserved within a protein sequence subfamily, 

and therefore potential candidates for functional specificity— of the higher plant PsbQ subfamily 

are mainly located in the positively charged side of PsbQ. Both kind of residues were established 

from the multiple sequence alignment of the PsbQ protein family (Figure 5) and might suggest that 
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they are (at least in part) responsible for the interaction of PsbQ with a negatively charged region of 

the other OEC extrinsic proteins or with the negatively charged luminal surface of the intrinsic 

proteins of PSII.29 

 

The polyproline type II pattern, a key motif in the N-terminal region. Four Pro residues (residues 

9−12) fulfill the spatial features of the secondary structure conformation denoted as polyproline 

type-II (PPII) (Figure 3). In general, a left-handed helix with a 3-fold rotational characterizes a PPII 

whose Pro residues are joined by trans-peptide bonds.30 The PPII structure in PsbQ has mean 

backbone dihedrals (φ,ψ,ω) of -66±10º, +166±9º and 180±5º. The carbonyl groups of the imide-

peptide bonds of these residues are hydrogen bonded to water molecules. In fact, there is a complex 

H-bond network mediated by water molecules that stabilises the PPII structure and that connects 

this motif with Pro42, Pro44 and Pro45. It is worth noting that this region presents a high 

concentration in Pro residues (8 out of 45) (see Figure 1). The other set of polyproline residues 

(Pro-Leu-Pro-Pro) are found between residues 42−45 (Figure 1A). However, they do not fulfill the 

spatial features of a PPII structure. Two short parallel β-strands, consisting of residues 5−7 (Ile-Val-

Val) and 38−40 (Phe-Tyr-Leu), complete the N-terminal region and seems to act as a brooch, 

bringing together the beginning and the end of the N-terminal region of PsbQ. 

 

Metal binding sites in PsbQ. Two Zn2+ ions are present in the PsbQ structure tetrahedrically 

coordinated mostly by side-chain residues of PsbQ (Figures 1 and 4). While Zn1 coordination 

involves Lys63 (Nξ), Asp67 (Oδ2), Glu131 (Oε2) and one water molecule (figure 4A), Zn2, 

equivalent to that reported by Calderone et al. (2003), is coordinated by His120 (Nε2) and Glu129 

(Oε1) and residue Gln105 (Oε1), this latter from a symmetry-related PsbQ molecule. The fourth 

ligand is an acetate (Ac−) ion (Figure 4B) from the precipitant solution. The mean Zn-ligand 

distance is 1.96 Å for both cations with the residues involved in the coordination of the two Zn2+ 
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being located in the α-helix bundle (Figure 1). It is worth noting that residues coordinating Zn1 

(Lys63, Glu131 and Asp67) are fully conserved in higher plants (Figure 5) with the exception of 

PsbQ from Oryza sativa, where Asp67 is conservatively replaced by another negatively charged 

residue (i.e. Glu). On the contrary, residues coordinating Zn2 are less conserved in higher plants 

and the positions of Gln105, His120 and Glu129 in the spinach PsbQ sequence can also be occupied 

by Lys, Phe and Asp/Gln, respectively (Figure 5). Taken together, the data are consistent with Zn1 

hinting at a physiological role, while Zn2—connecting two monomers in the crystal packing—

might have a role in stabilizing this particular crystal arrangement. 

 

Sequence analysis of the PsbQ family. The PsbQ family is made up of sequences from higher 

plants, green algae, non-green algae (e.g. red algae) and prokaryotic organisms (cyanobacteria) 

(Figure 5). Sequences of the mature PsbQ proteins are very different and only 20% identity is 

observed within the whole family. Although the mean identity among all of the sequences in higher 

plant subfamily is about 70% and a similar value is also found among sequences of green algal 

subfamily, the identity between these two PsbQ sequence subfamilies is only about 30%. The 

identity among subfamilies is even lower when non-green and green algal subfamilies are compared 

(about 24%); or when non-green algal subfamily is compared to higher plant (20%) or 

cyanobacterial (15%) ones. Within prokaryotic organisms, Synechococcus sp. WH8102 has the 

most divergent sequence (about 22% identity when compared to the rest of the cyanobacterial 

family). 

One noticeable feature in the N-terminal region of the higher plant PsbQ subfamily is the 

high percentage of Pro residues, not observed in the other subfamilies. Furthermore, the distribution 

of residues over this region in the sequences of higher plant and green algal PsbQ subfamilies—the 

only photosynthetic organisms housing PsbO, PsbP and PsbQ—shows a distinctive hydrophilic 

motif ([QE]-A-R-D-x(2)-L and h-[p+]-[p-]-[RG]-[FL], where h stands for any hydrophobic residue 

and p+/p- does for any positively or negatively residue, respectively), which is lacking in the other 
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PsbQ subfamilies (Figure 5). This hydrophilic motif is sandwiched between two conserved 

hydrophobic ones, G-[PGA]-P(2)-[LAP](2)-G-G-L-P-G-T-x-N-S-D and [FY]-[LI]-Q-P-L-x-P, only 

present in higher plants. These sequence dissimilarities in the N-terminal region among the PsbQ 

subfamilies might contribute to the different binding behaviour of PsbQ to PSII. 

On the contrary, the sequence alignment of the C-terminal region has more features in 

common: i) the presence of four amphipathic α-helices is predicted in the C-terminal region of any 

sequence of the PsbQ family by secondary structure prediction programs (data not shown), 

suggesting that all of them follow an α-helix bundle fold at this region. Exceptionally, a 3 residue 

insertion (SVC) is found in α-2 helix of red algal PsbQ family that may introduce an extra-turn in 

this helix; ii) α-1 helix is the least conserved motif in the C-terminal region of PsbQ, but the 

hydrophobic core residues in the α-2, α-3 and α-4 helices are highly conserved (residues 71, 74, 78, 

82, 85, 89, 92, 104, 111, 115, 118, 121, 122, 130, 137, 141, 144, 145, numbered according to the 

spinach PsbQ sequence) preserving the hydrophobic interactions in the α-helix bundle during 

evolution; iii) four charged residues, Arg79, Arg86, Lys101, and Asp119 are of particular interest, 

since they are highly conserved in all known PsbQ sequences of eukaryotic and prokaryotic species; 

and iv) all the turns connecting helices are short and regular in length. However, whereas the turns 

connecting helices 1-2 and 3−4 remain positively charged in the whole PsbQ family, the turn 

connecting helices 2-3 becomes highly hydrophobic in the cyanobacterial PsbQ subfamily. 

 

DISCUSSION 

 

In this paper, we report a nearly complete 3D structure of the recombinant spinach PsbQ protein of 

PSII at 1.49 Å resolution. The protein has two well-defined regions: the N-terminal region loosely 

packed (residues 1−45), and the C-terminal region folded in a four α-helix bundle (residues 

46−149) similarly to that reported for the native spinach PsbQ fragment20. A major advance in the 
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structure of PsbQ is localized in its N-terminal region. This region is crucial in understanding how 

PsbQ binds to PSII and how PsbQ interacts with its specific endopeptidase. Considering that, up to 

now, the interacting partners of PsbQ have not been unambiguously assigned and that there are still 

20 residues (14−33) missing in the structure of the N-terminal region of PsbQ, it is difficult yet to 

propose a specific binding interface. The lack of structural information for these missing residues in 

PsbQ can be partially supplied with the help of bioformatics and biophysical methods. In this sense, 

it has been reported26 that secondary structure contents for PsbQ are α-helix (a.c. 53%), with a low 

percentage in β-strand (3−7%) and turns (7%), but with a high percentage in non-regular structure 

(32%). The secondary structure percentages determined from the crystal structure yield values of 

about 59% for α-helix, 4% for β-strand, 12% for turns, 3% for PPII, 9% for non-regular structure, 

and 13% with no conformational assignment. The comparison of these percentages leads us to 

propose that the unknown region possesses predominantly an extended and non-regular 

conformation, at least when PsbQ is free in solution, in accordance with the lack of electron density 

data observed for this region. 

Two Zn2+ ions were found to be coordinated by PsbQ instead of one, as previously 

reported.20 The Zn1 is coordinated by residues which are fully conserved in the PsbQ sequence 

subfamily of higher plants. On the contrary, Zn2 is coordinated in the crystal by two PsbQ 

monomers and the residues are not highly conserved in higher plants. Considering these facts and 

that Zn2+ is an essential additive for the crystallization of PsbQ, a physiological role may be 

envisaged for the Zn1 coordination. Zn2+ is a heavy metal capable of inhibiting the donor side of 

PSII. Besides, it has been reported that this cation perturbs the conformation of the PSII core 

complex and also inhibits oxygen evolution.31 The inhibition of the donor side in OEC proteins-

depleted PSII ocurred at lower concentration of Zn2+ than in control PSII.32 In this respect, PsbQ 

(soluble in the lumen or attached to PSII) might play the role of a heavy metal scavenger in the 

thylakoid lumen. This protein, together with the other OEC extrinsic proteins, would protect the 
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donor side of photosystem II by forming a first defense barrier against Zn2+ (or possibly against 

other heavy metal pollutants). 

OEC extrinsic protein release experiments indicate both that higher plants PsbQ is not 

directly (or exclusively) bonded to intrinsic subunits of PSII and that electrostatic interactions are 

the main forces involved in the binding of PsbQ to neighbouring OEC extrinsic subunits14 (PsbO, 

PsbP or PsbR). In addition, the binding properties seem to be quite different among 

oxyphotoautotrophs. In higher plants, PsbQ needs the presence of PsbP for its binding to PSII, and 

PsbP requires PsbO; in contrast, in green algae PsbQ is somehow attached to PSII, no matter 

whether or not PsbO or PsbP, or both, are bonded to PSII.11 Recently, it has been shown that PsbJ-

depleted PSII from Nicotiana tabacum, which does not bind PsbP at all, binds PsbQ weakly, 

suggesting a slight affinity of PsbQ for PSII in the absence of PsbP.33 Whatever the case, either 

PsbQ interacts with the other OEC extrinsic proteins or it needs them to interact more efficiently 

with lumenal-facing intrinsic proteins of PSII, it is compulsory that the N-terminal region of PsbQ 

is not degraded.27 As known, a specific prolyl-endopeptidase for PsbQ, active only at low ionic 

strength, cleaves the peptide bond between residues Pro12-Leu13 in the spinach PsbQ protein.34 

The loss of affinity by PsbQ for PSII when this peptide fragment is absent has given grounds to 

propose it as the interacting region of PsbQ. In the crystal structure of PsbQ, the cleavage site 

involving residues Pro12-Leu13 is exposed to the solvent and presumably easily accessible to the 

specific prolyl endopeptidase of PsbQ. On the contrary, the first 10 residues at the N-terminus are 

rather occluded in the structure of PsbQ and because of that they possibly interact weakly with PSII. 

The cleavage of Pro12-Leu13 bond undoubtedly must lead to a profound instability of the large, 

flexible and extended loop comprising residues 15−34. The new N-terminal region of degraded 

PsbQ can perfectly behave as a fully free arm. Hence, both the lost of the peptide fragment 

comprising the first 12 residues of PsbQ and the unconstrained structure of the new N-terminal 

region may produce the unrecognition of PsbQ by PSII. The N-terminal region contains a number 

of charged residues, some of which are fully conserved in the PsbQ sequence subfamily of higher 
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plants (Glu24, Arg27, Glu28, Lys35 and Arg37); they may participate in the electrostatic interaction 

with the OEC extrinsic or intrinsic proteins of PSII. Furthermore, the Pro residues ranging from 9 to 

12 are all of them in trans configuration forming a rather exposed PPII structure. This structural 

motif is often involved in the regulation of weak protein-protein interactions and may confer 

flexibility to the structure since its geometry allows it to progress immediately into α-helix, β-

strand, or turn.35 Likewise, the presence of neighbouring Gly residues may also be critical in 

forming structural hinges or alternative tertiary conformations. 

It is worth noting that the PsbQ specific prolyl endopeptidase is inhibited by the presence of 

Cu2+ ion.34 Recently, we have developed a method to purify native spinach PsbQ based on the high 

selectivity of Cu2+ in detaching PsbQ from the donor site of PSII.25 This method, which is 

characterized by the use of low ionic strength, results in the purification of PsbQ with no traceable 

degradation products of PsbQ. It could be attributed at first glance to the loss of activity by the 

specific prolyl endopeptidase due to the presence of Cu2+ in solution. Besides, a series of 

experiments have been done in which the capability of other ions (Zn2+ and Ca2+) to detach PsbQ 

(together with the other OEC extrinsic proteins) has been investigated, our results point to that 

neither Zn2+ nor Ca2+ can avoid the degradation of the N-terminal region of PsbQ (data not shown). 

Intriguingly, it is not yet really known whether the activity of prolyl endopeptidase is inhibited by 

Cu2+ or PsbQ is protected somehow by Cu2+. This ion has been found to be capable of binding both 

the ring N of the prolyl residue in a series of substituted poliproline36 and PPII regions of 

synthesized polypeptides.37 Besides, it has been reported36 that Cu2+ leads to a conformational 

change of PPII regions to other secondary structure elements (i.e. β-turn-like structure) on 

increasing concentrations. A requisite for the Cu(II) coordination to PPII is that a hydrophobic 

residue has to be adjoined to a Pro residue. The open and extended structural features of the peptide 

bond in PPII regions could favour this type of coordination by bending the peptide backbone upon 

binding Cu2+. All these facts indicate that Cu2+ could bind the PPII structure of PsbQ (or PPII 
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progresses to another secondary structure element), preventing the degradation of the N-terminal 

region by the prolyl-endopeptidase. 

As mentioned above, the residues in the N-terminal region are poorly conserved in the 

PsbQ sequence family. Therefore, the differences in the binding features of PsbQ among sequence 

subfamilies may be ascribed to the N-terminal region of PsbQ itself because the other intrinsic and 

extrinsic subunits with which PsbQ might interact are highly conserved (PsbA, PsbB, PsbC, PsbD, 

PsbE, PsbF, PsbJ, PsbL, PsbO, PsbP, PsbI and PsbR, though the aligment of the latter might need 

further attention). It is noticeable the accumulation of Pro residues in the N-terminal region of the 

PsbQ sequence subfamily of higher plants. Reconstitution experiments have demonstrated that 

PsbQ' protein (the so-called 20-kDa) in the red algae binds functionally to green algal PSII whereas 

it does not bind at all to PSII from higher plants.16 We could ascribe this different binding behavior 

to the low content of Pro residues. However, the question about the presence of Pro in the N-

terminal region of PsbQ in higher plants remains yet unanswered. The general conservation of Pro 

residues in higher plants may be important for critical tertiary interactions, where aromatic 

segments in other subunits may get involved for an appropiate interaction. Besides, a number of 

prolyl-peptidyl isomerases (PPIases) has been located in the thylakoid lumen of all of the 

oxyphotosynthetic organisms.38 These enzymes catalyse the cis-trans isomerisation of peptidyl-Pro 

bonds. Spinach PsbQ contains 13 peptidyl-Pro bonds, all in the trans configuration that may be 

related to the presence of PPIases in the thylakoid lumen. It is thus of interest to know whether there 

is any Pro residue which might be essential for the conformational folding and could act as an 

intrinsic molecular switcher39 controlling the protein function.  

In conclusion, the nearly complete crystal structure of PsbQ shows that, whereas the C-

terminal region is expected to be common for any PsbQ protein, based on the alignment of the 

whole PsbQ family, the major dissimilarities between the PsbQ sequence subfamilies are found in 

the N-terminal region. In particular, the PsbQ sequence family of higher plants has a flexible and 

extended loop containing a hydrophilic motif with several conserved charged residues and also a 
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tandem of Pro residues forming a PPII structure. These two structural features in the N terminal 

region are suggested to play an essential role in the specific protein-protein interaction of PsbQ with 

other OEC extrinsic and intrinsic proteins of PSII.  

 

MATERIALS AND METHODS 

 

Protein crystallization and data collection. The recombinant spinach PsbQ protein was purified as 

previously described in Balsera et al. (2003)26 and stored in 20 mM Tris-HCl pH 8.0 at 4 ºC. PsbQ 

was crystallized at 293 K by the hanging-drop vapour diffusion method, mixing 1 µl of protein (20 

mg/ml) with 1 µl of reservoir solution, 0.3 M ZnAc2, 0.1 M Mes pH 6.5 and 16−18% PEG 6000. 

Suitable cubic crystals measuring about 0.4×0.4×0.3 mm3 appeared within 2 days. PsbQ crystals 

were cryo-cooled to 120 K by using a cryoprotectant solution consisting of the mother liquour 

supplemented with 20% glycerol. X-ray diffraction data were collected in-house on a MAR 

Research MAR345 imaging-plate detector with Cu Kα X-rays from an Enraf-Nonius rotating anode 

generator equipped with a double-mirror focusing system, operated at 40 kV and 90 mA. Data sets 

were processed with MOSFLM program40 and later scaled and reduced with the SCALA program 

from the CCP4 package.41 PsbQ crystals were determined to belong to the space group P3221, with 

unit cell parameters of a = b = 49.94 Å, c = 96.97 Å, α = β = 90º and γ = 120º. The Matthews 

coefficient (Vm) had a value of 2.10 Å3/Da. It corresponded to a single protein molecule in the 

asymmetric unit with a solvent content of 41.32%. Interestingly, PsbQ crystals were also obtained 

in other different conditions (precipitant and pH) -e.g. 0.4 M (NH4)H2PO4; 1.6 M MgSO4, 0.1 M 

Mes pH 6.5; 2 M (NH4)2SO4, 0.1 M Mes/Hepes/Tris pH 4.5−8.5- but having, in all cases, Zn2+ as 

additive. Despite these differences, all the PsbQ crystals belonged to the same space group and 

there was no further improvement in the quality of diffraction data. Data collection statistics are 

summarised in Table 1. 
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Structure determination and refinement. The crystal structure of the recombinant spinach PsbQ 

protein was solved by the molecular replacement method by using the incomplete structure of the 

native spinach PsbQ protein20 as a search model and the program AMoRe.42 An unambiguous single 

solution for the rotation and translation functions was obtained for the model with a correlation 

coefficient of 58% and an R-factor of 0.38. Some residues of the N-terminal region were directly 

identified in the FO-FC map and modelled in a series of iterative processes combining alternate 

cycles of conjugated gradient refinement from the program CNS43 with manual adjustments of a 

number of residue side-chains using the software package O.44 The model refinement was firstly 

performed with the CNS program.43 After this initial round of refinement, the model was refined by 

iterative maximum likelihood positional and translation, libration and screw-rotation displacement 

(TLS) refinement in REFMAC545 with each region defined as a TLS group.46 After the protein 

model was nearly complete, water molecules were added by using CNS.43 The resulting electron 

density was of high quality (Figure 3C) at this stage for the entire protein model except for the 

region comprising residues 14−33 that could not be modelled. Therefore, the refined model of PsbQ 

includes residues 1−13 and 34−149—the numeration does not include the N-terminal residue (i.e. 

Met) of the recombinant spinach PsbQ protein—two Zn2+ and one Ac− ions, and 266 solvent 

molecules. Statistics for refinement are summarized in Table 1. In addition, the backbone angle 

pairs of all residues were examined. They all fall into allowed regions of the Ramachandran plot 

according to the PROCHECK program:47 The coordinates and structure factors for the refined 

structure of PsbQ have been deposited in the Protein Data Bank with accession number 1VYK. 
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 FIGURE LEGENDS: 

 

Figure 1: Overall structure of spinach PsbQ. Ribbon representation of PsbQ structure (A) side 

view, (B) top view. The dashed line represents the unmodelled residues 14−33 in the crystal 

structure. Zn2+ ions are shown as blue spheres. Proline residues of the Pro rich region are 

labelled and drawn in sticks representation. (C) Primary and secondary structure (based on 

DSSP48) of crystallised PsbQ. The protein residues involved in Zn2+ coordination are 

labelled with blue triangles Proline residues of the Pro rich region are coloured in magenta.  

 

Figure 2: Electrostatic potential surface of PsbQ obtained by GRASP28. The PsbQ molecular 

surface is coloured according to their electrostatic potential, blue for positive and red for 

negative.  

 

Figure 3: Polyproline type-II structure in PsbQ. Stereo view of the PPII structure with each Pro 

residue coloured differently (A) side view, (B) top view. The 9−12 Pro residues form a PPII 

structure which is characterized by having a left-handed structure and an axis of three-fold 

symmetry. (C) Electron density map in the PPII structure. Fragment of the crystal structure 

of the recombinant spinach PsbQ spanning residues 5-12 (Ile-Val-Val-Gly-Pro-Pro-Pro-

Pro) overlaid with its corresponding 2Fo-Fc electron density map in green at 1σ. 

 

Figure 4: Metal binding sites. Stereo view of the two Zn2+ binding sites found in PsbQ. (A) The 

protein ligands for Zn1 (Lys63, Asp67 and Glu131) are fully conserved in the PsbQ 

sequence subfamily of higher plants. A single water molecule completes the tetrahedrical 

coordination sphere. (B) Two symmetry related PsbQ molecules coordinate Zn2, being 

residue Gln105 suplied by one PsbQ molecule (orange) and residues His120 and Glu129 by 

the other (yellow). The fourth ligand for Zn2 is an acetate ion from the precipitant solution. 
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Figure 5: Multiple sequence alignment of the PsbQ protein family. The multiple sequence 

alignment was perfomed with CLUSTALX program49 and adjusted through visual 

inspection. The residue color code is as follows: orange (Gly), yellow (Pro), green (Thr, 

Ser, Asn and Gln), red (Lys, Arg), blue (Trp, Met, Val, Ile, Ala, Leu, Phe), pink (Cys), cyan 

(His, Tyr) and magenta (Glu and Asp). Zn2+ coordinating residues are shown as blue 

triangles. Sequence legend: i) Higher plant subfamily: ARATH, Arabidopsis thaliana; 

LYCES, Lycopersicon esculentum; MAIZE, Zea mays; ONOVI, Onobrychis viciifolia; 

ORYSA, Oryza sativa; PISSA, Pisum sativum; SPIOL, Spinacia oleracea; ii) Green algal 

subfamily: CHLRE, Chlamydomonas reinhardtii; VOLCA, Volvox carteri; iii) Secondary-

endosymbiotic alga: BIGNA, Bigelowiella natans; iv) Non green algal subfamily: CYACA, 

Cyanidium caldarium; CYAME, Cyanidioschyzon merolae 10D; and v) Cyanobacterial 

subfamily: ANAVA, Anabaena variabilis ATCC 29413; NOSSP, Nostoc sp PCC 7120; 

NOSPU, Nostoc punctiforme PCC 73102; TRIER, Trichodesmium erythraeum IMS101; 

SYN68, Synechocystis sp PCC 6803; SYN81, Synechococcus elongatus WH 82102; 

SYN85, Synechocystis sp WP 8501; SYNEL, Synechococcus elongatus PCC 7942; 

THEEL, Thermosynechococcus elongatus BP-1. Fully conserved residues within both 

higher plant and green algal subfamilies: G18, R32, D33, L37b, R59, S63, I67b, I75b, W80, 

L87b, R88b, Lb-Rb-[FY]-Db-L (94−101), K111a, K114b, L125b, I129b, Lb-D-[FHYL]-Ab 

(132−135), K139a, A144b, K146a, I155b, V158b, L159b. ahighly conserved within eukariotic; 

bhighly conserved in the whole family; underlined, fully conserved in the whole family. 

Tree-determinants residues in higher plants: G9, L19, G21, T22, R43, Q49, P81, D86, A91, 

Y93, I105, L117, K124, L125, F126.  

 

 



Table 1. Structure determination and statistics for PsbQ. 

  

Data collection statistics  

Space group P3221 
Unit cell parameters  
a, Å 49.94 
b, Å 49.94 
c, Å 96.97 

Wavelength, Å 1.5418 
Resolution, Å 24.2 (1.57)-1.49 
No. of unique reflections 23,594 
Redundancy 9.4 (4.6) 
Completeness, % 99.7 (99.1) 
I/σ 9.5 (3.6) 
Rsym

a 0.04 (0.33) 
  
Refinement statistics  
Resolution range, Å 14.4-1.49 
Protein non-hydrogen atoms 1305 
Metal atoms 2 
Ligand non-hydrogen atoms 4 
Solvent non-hydrogen atoms 266 
  
Rwork 0.16 
Rfree

b 0.20 
rmsd bond lenght, Å 0.013 
rmsd bond angles, ° 1.39 
Average B-factor, Å2 22.12 
  

Values in parentheses correspond to the highest resolution shell. 

a Rsym = Σ| I - Iav |/ Σ I, where the summation is over symmetry equivalent 

reflections. 

b R calculated for 5% of data excluded from the refinement. 
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