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            Abstract
Oxygenic photosynthesis in plants, algae and cyanobacteria is initiated at photosystem II, a homodimeric multisubunit protein–cofactor complex embedded in the thylakoid membrane1. Photosystem II captures sunlight and powers the unique photo-induced oxidation of water to atmospheric oxygen1,2. Crystallographic investigations of cyanobacterial photosystem II have provided several medium-resolution structures (3.8 to 3.2 Å)3,4,5,6 that explain the general arrangement of the protein matrix and cofactors, but do not give a full picture of the complex. Here we describe the most complete cyanobacterial photosystem II structure obtained so far, showing locations of and interactions between 20 protein subunits and 77 cofactors per monomer. Assignment of 11 β-carotenes yields insights into electron and energy transfer and photo-protection mechanisms in the reaction centre and antenna subunits. The high number of 14 integrally bound lipids reflects the structural and functional importance of these molecules for flexibility within and assembly of photosystem II. A lipophilic pathway is proposed for the diffusion of secondary plastoquinone that transfers redox equivalents from photosystem II to the photosynthetic chain. The structure provides information about the Mn4Ca cluster, where oxidation of water takes place. Our study uncovers near-atomic details necessary to understand the processes that convert light to chemical energy.
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                    Figure 1: 
                        The PSII monomer from the cytoplasmic side.
                      


Figure 2: 
                        The plastoquinone diffusion pathway.
                      


Figure 3: 
                        Redox-active cofactors and electron transfer chain.
                      


Figure 4: 
                        Oxygen-evolving centre.
                      



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    

                                
                                
                                    
                                        Structure of the far-red light utilizing photosystem I of Acaryochloris marina
                                        
                                    

                                    
                                        Article
                                         Open access
                                         20 April 2021
                                    

                                

                                Tasuku Hamaguchi, Keisuke Kawakami, … Yasuhiro Kashino

                            
                        

                    
                        
                            
                                
                                    

                                
                                
                                    
                                        Algal photosystem I dimer and high-resolution model of PSI-plastocyanin complex
                                        
                                    

                                    
                                        Article
                                         Open access
                                         13 October 2022
                                    

                                

                                Andreas Naschberger, Laura Mosebach, … Alexey Amunts

                            
                        

                    
                        
                            
                                
                                    

                                
                                
                                    
                                        Structure of cyanobacterial photosystem I complexed with ferredoxin at 1.97 Å resolution
                                        
                                    

                                    
                                        Article
                                         Open access
                                         12 September 2022
                                    

                                

                                Jiannan Li, Noriyuki Hamaoka, … Genji Kurisu

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Ke, B. Photosynthesis—Photobiochemistry and Photobiophysics (Kluwer Academic, Dordrecht, 2001)

                    Google Scholar 
                

	Kok, B., Forbush, B. & McGloin, M. Cooperation of charges in photosynthetic evolution: I. A linear four step mechanism. Photochem. Photobiol. 11, 457–475 (1970)
Article 
    CAS 
    
                    Google Scholar 
                

	Zouni, A. et al. Crystal structure of photosystem II from Synechococcus elongatus at 3.8 Å resolution. Nature 409, 739–743 (2001)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Kamiya, N. & Shen, J. R. Crystal structure of oxygen-evolving photosystem II from Thermosynechococcus vulcanus at 3.7-Å resolution. Proc. Natl Acad. Sci. USA 100, 98–103 (2003)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Ferreira, K. N., Iverson, T. M., Maghlaoui, K., Barber, J. & Iwata, S. Architecture of the photosynthetic oxygen-evolving center. Science 303, 1831–1838 (2004)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Biesiadka, J., Loll, B., Kern, J., Irrgang, K.-D. & Zouni, A. Crystal structure of cyanobacterial photosystem II at 3.2 Å resolution: a closer look at the Mn-cluster. Phys. Chem. Chem. Phys. 6, 4733–4736 (2004)
Article 
    CAS 
    
                    Google Scholar 
                

	Gombos, Z. et al. Phosphatidylglycerol requirement for the function of electron acceptor plastoquinone QB in the photosystem II reaction center. Biochemistry 41, 3796–3802 (2002)
Article 
    CAS 
    
                    Google Scholar 
                

	Steffen, R., Kelly, A. A., Huyer, J., Dörmann, P. & Renger, G. Investigations on the reaction pattern of photosystem II in leaves from Arabidopsis thaliana wild type plants and mutants with genetically modified lipid content. Biochemistry 44, 3134–3142 (2005)
Article 
    CAS 
    
                    Google Scholar 
                

	Wada, H. & Murata, N. in Lipids in Photosynthesis: Structure, Function and Genetics (ed. Murata, N.) 65–81 (Kluwer Academic, Dordrecht, 1998)

                    Google Scholar 
                

	Baena-Gonzalez, E. & Aro, E. M. Biogenesis, assembly and turnover of photosystem II units. Phil. Trans. R. Soc. Lond. B 357, 1451–1459 (2002)
Article 
    CAS 
    
                    Google Scholar 
                

	Palsdottir, H. & Hunte, C. Lipids in membrane protein structures. Biochim. Biophys. Acta 1666, 2–18 (2004)
Article 
    CAS 
    
                    Google Scholar 
                

	Stroebel, D., Choquet, Y., Popot, J. L. & Picot, D. An atypical haem in the cytochrome b6f complex. Nature 426, 413–418 (2003)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Kurisu, G., Zhang, H., Smith, J. L. & Cramer, W. A. Structure of the cytochrome b6f complex of oxygenic photosynthesis: tuning the cavity. Science 302, 1009–1014 (2003)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Lange, C., Nett, J. H., Trumpower, B. L. & Hunte, C. Specific roles of protein–phospholipid interactions in the yeast cytochrome bc1 complex structure. EMBO J. 20, 6591–6600 (2001)
Article 
    CAS 
    
                    Google Scholar 
                

	Ohad, I., Dal Bosco, C., Herrmann, R. G. & Meurer, J. Photosystem II proteins PsbL and PsbJ regulate electron flow to the plastoquinone pool. Biochemistry 43, 2297–2308 (2004)
Article 
    CAS 
    
                    Google Scholar 
                

	Kwa, S. L. S., Newell, W. R., van Grondelle, R. & Dekker, J. P. The reaction center of Photsystem II studied with polarized fluorescence spectroscopy. Biochim. Biophys. Acta 1099, 193–202 (1992)
Article 
    CAS 
    
                    Google Scholar 
                

	Telfer, A. What is β-carotene doing in the photosystem II reaction centre? Phil. Trans. R. Soc. Lond. B 357, 1431–1440 (2002)
Article 
    CAS 
    
                    Google Scholar 
                

	Peloquin, J. M. & Britt, R. D. EPR/ENDOR characterization of the physical and electronic structure of the OEC Mn cluster. Biochim. Biophys. Acta 1503, 96–111 (2001)
Article 
    CAS 
    
                    Google Scholar 
                

	Yano, J. et al. X-ray damage to the Mn4Ca complex in single-crystals of photosystem II: a case study for metallo-protein X-ray crystallography. Proc. Natl Acad. Sci. USA 102, 12047–12052 (2005)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Sauer, K., Yano, J. & Yachandra, V. K. X-ray spectroscopy of the Mn4Ca cluster in the water-oxidation complex of photosystem II. Photosynth. Res. 85, 73–86 (2005)
Article 
    CAS 
    
                    Google Scholar 
                

	Diner, B. A. Amino acid residues involved in the coordination and assembly of the manganese cluster of photosystem II. Proton-coupled electron transport of the redox-active tyrosines and its relationship to water oxidation. Biochim. Biophys. Acta 1503, 147–163 (2001)
Article 
    CAS 
    
                    Google Scholar 
                

	Debus, R. J. Amino acid residues that modulate the properties of tyrosine Y(Z) and the manganese cluster in the water oxidizing complex of photosystem II. Biochim. Biophys. Acta 1503, 164–186 (2001)
Article 
    CAS 
    
                    Google Scholar 
                

	Kimura, Y., Mizusawa, N., Yamanari, T., Ishii, A. & Ono, T. A. Structural changes of D1 C-terminal α-carboxylate during S-state cycling in photosynthetic oxygen evolution. J. Biol. Chem. 280, 2078–2083 (2005)
Article 
    CAS 
    
                    Google Scholar 
                

	Strickler, M. A., Walker, L. M., Hillier, W. & Debus, R. J. Evidence from biosynthetically incorporated strontium and FTIR difference spectroscopy that the C-terminus of the D1 polypeptide of photosystem II does not ligate calcium. Biochemistry 44, 8571–8577 (2005)
Article 
    CAS 
    
                    Google Scholar 
                

	Campbell, K. D. et al. Dual-mode EPR detects the initial intermediate in photoassembly of the photosystem II Mn cluster: the influence of amino acid residue 170 of the D1 polypeptide on Mn coordination. J. Am. Chem. Soc. 122, 3754–3761 (2000)
Article 
    CAS 
    
                    Google Scholar 
                

	Debus, R. J., Strickler, M. A., Walker, L. M. & Hillier, W. No evidence from FTIR difference spectroscopy that aspartate-170 of the D1 polypeptide ligates a manganese ion that undergoes oxidation during the S0 to S1, S1 to S2, or S2 to S3 transitions in photosystem II. Biochemistry 44, 1367–1374 (2005)
Article 
    CAS 
    
                    Google Scholar 
                

	Kimura, Y., Ishii, A., Yamanari, T. & Ono, T. A. Water-sensitive low-frequency vibrations of reaction intermediates during S-state cycling in photosynthetic water oxidation. Biochemistry 44, 7613–7622 (2005)
Article 
    CAS 
    
                    Google Scholar 
                

	Roelofs, T. A. et al. Oxidation states of the manganese cluster during the flash-induced S-state cycle of the photosynthetic oxygen-evolving complex. Proc. Natl Acad. Sci. USA 93, 3335–3340 (1996)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Dau, H., Iuzzolino, L. & Dittmer, J. The tetra-manganese complex of photosystem II during its redox cycle—X-ray absorption results and mechanistic implications. Biochim. Biophys. Acta 1503, 24–39 (2001)
Article 
    CAS 
    
                    Google Scholar 
                

	Kern, J. et al. Purification, characterisation and crystallisation of photosystem II from Thermosynechococcus elongatus cultivated in a new type of photobioreactor. Biochim. Biophys. Acta 1706, 147–157 (2005)
Article 
    CAS 
    
                    Google Scholar 
                


Download references




Acknowledgements
We thank D. DiFiore and C. Lüneberg for technical assistance; K.-D. Irrgang, H. Lokstein, J. Messinger, F. Müh, T. Renger, E. Schlodder and J. Yano for discussions; and R. Clarke, G. Renger, K. Sauer and V. Yachandra for critically reading the manuscript. Beam time and support at the ESRF, SLS, BESSY and DESY are gratefully acknowledged. We thank Deutsche Forschungsgemeinschaft and Fonds der Chemischen Industrie for support.


Author information
Author notes	Bernhard Loll
Present address: Max-Planck-Institut für Medizinische Forschung, Abteilung für Biomolekulare Mechanismen, D-69120, Heidelberg, Germany

	Bernhard Loll and Jan Kern: *These authors contributed equally to this work


Authors and Affiliations
	Institut für Chemie und Biochemie/Kristallographie, Freie Universität Berlin, Takustrasse 6, D-14195, Berlin, Germany
Bernhard Loll, Wolfram Saenger & Jacek Biesiadka

	Institut für Chemie/Max Volmer Laboratorium für Biophysikalische Chemie, Technische Universität Berlin, Straße des 17 Juni 135, D-10623, Berlin, Germany
Jan Kern & Athina Zouni


Authors	Bernhard LollView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jan KernView author publications
You can also search for this author in
                        PubMed Google Scholar



	Wolfram SaengerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Athina ZouniView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jacek BiesiadkaView author publications
You can also search for this author in
                        PubMed Google Scholar





Corresponding authors
Correspondence to
                Wolfram Saenger or Athina Zouni.


Ethics declarations

              
                Competing interests

                Atomic coordinates have been deposited in the Protein Data Bank under the accession number 2AXT. Reprints and permissions information is available at npg.nature.com/reprintsandpermissions. The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Figures 
This file contains Supplementary Figures 1–7. (PDF 689 kb)


Supplementary Tables 
This file contains Supplementary Tables 1–4. (PDF 38 kb)


Supplementary Methods 
This file gives a detailed description about the structure determination and interpretation of the electron density maps, as well as calculation of electron transfer rates. (PDF 88 kb)


Supplementary Discussion 
This file gives comparison to other published PSII structures and further details of the probable function of low molecular weight subunits, the protein environment of the non-haem Fe2+ and quinone binding pockets, as well as the carotenoids and the Mn4Ca-cluster. (PDF 102 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
Loll, B., Kern, J., Saenger, W. et al. Towards complete cofactor arrangement in the 3.0 Å resolution structure of photosystem II.
                    Nature 438, 1040–1044 (2005). https://doi.org/10.1038/nature04224
Download citation
	Received: 01 July 2005

	Accepted: 13 September 2005

	Published: 14 December 2005

	Issue Date: 15 December 2005

	DOI: https://doi.org/10.1038/nature04224


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Toxic effects of lead on plants: integrating multi-omics with bioinformatics to develop Pb-tolerant crops
                                    
                                

                            
                                
                                    	Muhammad Zahaib Ilyas
	Kyu Jin Sa
	Ju Kyong Lee


                                
                                Planta (2024)

                            
	
                            
                                
                                    
                                        Insights into membrane lipids modification in barley leaves as an adaptation mechanism to cold stress
                                    
                                

                            
                                
                                    	Yancui Zhao
	Shengjie Li
	Le Xu


                                
                                Plant Growth Regulation (2024)

                            
	
                            
                                
                                    
                                        Influence of attentional resources and emotional reactivity on emotional memory enhancement in adolescents and adults
                                    
                                

                            
                                
                                    	Ai-bao Zhou
	Yue Yuan
	Lu Cai


                                
                                Current Psychology (2023)

                            
	
                            
                                
                                    
                                        The photosynthetic oxygen evolution does not exclude the important role and contribution of bicarbonate photolysis
                                    
                                

                            
                                
                                    	Yanyou Wu
	Shaogang Guo


                                
                                Acta Geochimica (2023)

                            
	
                            
                                
                                    
                                        Influence of the antiseptic octenidine on spectral characteristics and energy migration processes in photosystem II core complexes
                                    
                                

                            
                                
                                    	Vladimir Z. Paschenko
	Eugene P. Lukashev
	Peter P. Knox


                                
                                Photosynthesis Research (2023)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
First light
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