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            Abstract
The enzyme protochlorophyllide oxidoreductase (POR) catalyses a light-dependent step in chlorophyll biosynthesis that is essential to photosynthesis and, ultimately, all life on Earth1,2,3. POR, which is one of three known light-dependent enzymes4,5, catalyses reduction of the photosensitizer and substrate protochlorophyllide to form the pigment chlorophyllide. Despite its biological importance, the structural basis for POR photocatalysis has remained unknown. Here we report crystal structures of cyanobacterial PORs from Thermosynechococcus elongatus and Synechocystis sp. in their free forms, and in complex with the nicotinamideÂ coenzyme. Our structural models and simulations of the ternary protochlorophyllideâ€“NADPHâ€“POR complex identify multiple interactions in the POR active site that are important for protochlorophyllide binding, photosensitization and photochemical conversion to chlorophyllide. We demonstrate the importance of active-site architecture and protochlorophyllide structure in driving POR photochemistry in experiments using POR variants and protochlorophyllide analogues. These studies reveal how the POR active site facilitates light-driven reduction of protochlorophyllide by localized hydride transfer from NADPH and long-range proton transfer along structurally defined proton-transfer pathways.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 /Â 30Â days
cancel any time

Learn more


Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: The light-driven reduction of the C-17â€“C-18 double bond of Pchlide to form chlorophyllide.[image: ]


Fig. 2: Crystal structures of light-dependent POR.[image: ]


Fig. 3: Structural model of the PORâ€“Pchlideâ€“NADPH ternary complex.[image: ]


Fig. 4: A structural basis for light-dependent reaction chemistry in POR.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Crystal structures of the T.Â elongatus and Synechocystis PORs.
a, T.Â elongatus apo-POR. b, T.Â elongatus POR with bound NADPH. c, Synechocystis POR with bound NADPH. The protein structure is coloured according to secondary structure; cyan, Î±-helix; magenta, Î²-sheet; green, loop. d, Alignment of the POR crystal structures that we solve here. Magenta, apo structure of T.Â elongatus POR; yellow, structure of NADPH-bound T.Â elongatus POR; blue, structure of NADPH-bound Synechocystis POR; orange, missing loops in T. elongatus POR (which are present in the crystal structure of the Synechocystis POR). e, Evolutionary conservation of Synechocystis POR structure. Evolutionary conservation of amino acid positions in the Synechocystis POR protein has been performed on the basis of the phylogenetic relations between homologous sequences, using the online ConSurf server27.


Extended Data Fig. 2 Comparison of the structure of the Synechocystis POR structure with that of the SDR-family protein Î²-ketoacyl reductase (PDB code 2B4Q).
a, Overall structure of Î²-ketoacyl reductase protein (coloured by secondary structure). b, Alignment of the Synechocystis POR (blue) and Î²-ketoacyl reductase (orange). NADPH is shown as a red stick.


Extended Data Fig. 3 Molecular-dynamics simulations of the T. elongatus POR.
aâ€“c, Overlays of structures from unrestrained molecular-dynamics simulations at 500-ps intervals for apo enzyme (a), PORâ€“NADPH complex (b) and the ternary complex (c). d, Root-mean-squared deviation (RMSD) versus time (top) and the per-residue root-mean squared fluctuation (RMSF) (bottom), calculated for the non-hydrogen atoms of the protein. e, Distance distributions for the Pchlide-binding coordinate R0, and the distances between the hydride donor and acceptor atoms (R1) and the proton donor and acceptor atoms (R2).


Extended Data Fig. 4 Electron density map for NADPH bound to the T.Â elongatus and Synechocystis PORs.
a, NADPH anaerobic soaking with the T.Â elongatus POR crystal. A low-resolution 3.5Â Ã… electron density map (field-emission microscopy) contoured at 1Ïƒ (green mesh) along with an FoÂ âˆ’Â Fc omit map contoured at 4Ïƒ (magenta mesh) is shown for the NADPH region of an anaerobically soaked T.Â elongatus POR crystal. An all-atom coloured stick representation of the aerobically soaked high-resolution NADPHâ€“POR structure and associated active-site interactions are shown along with a stick representation of the anaerobically soaked NADPH in green. b, Structure of the NADPH-binding site of the Synechocystis POR. Hydrogen bonds between key residues and NADPH are shown as red dashes. The electron density for NADPH (omit FoÂ âˆ’Â Fc map contoured at 3Ïƒ) is coloured green.


Extended Data Fig. 5 Modelling of the T.Â elongatus PORâ€“Pchlideâ€“NADPH ternary complex.
aâ€“c, Three stages of modelling the T.Â elongatus PORâ€“Pchlideâ€“NADPH ternary complex. The structures are aligned and superimposed. Each panel highlights one of the three structures in blue (with the other two shown in grey): crystal structure with the chosen docked Pchlide structure (a); the structure after 20-ns annealing (b); and the final representative structure (c). The flexible residues during docking are shown as a yellow ball-and-stick representation, and the Pchlide molecule is shown in green stick representation. d, Potential of mean force (PMF) calculated by umbrella sampling as a function of R0 (Supplementary Methods) for 50-ns umbrella sampling (black), as well as for the first 20Â ns (blue) and the last 20Â ns (red). e, Population distributions for each bin, each sampled for 50Â ns. f, Potential of mean force was calculated by umbrella sampling as a function of R0 (distance between Pchlide Mg2+ and lower edge of the POR binding pocket) (Supplementary Methods). The dip in the potential of mean force at an R0 of about 17Â Ã… corresponds to the formation of a hydrogen bond between Y223 and the Pchlide keto group.


Extended Data Fig. 6 Configuration of the active site and donorâ€“acceptor distance of the T.Â elongatus PORâ€“NADPHâ€“Pchlide ternary complex model.
a, Active site of the T. elongatus PORâ€“NADPHâ€“Pchlide ternary complex. The hydrogen-bonding network around the Pchlide and NADPH molecules is shown as red dashes. The donorâ€“acceptor distance for hydride and proton transfer is shown as blue dashes. Water molecules are shown as red balls. b, View of the active site of the T.Â elongatus POR, highlighting the donorâ€“acceptor distance for hydride transfer (shown as a blue dashed line). c, View of the active site of the T.Â elongatus POR, highlighting the donorâ€“acceptor distance for proton transfer (shown as a blue dashed line). d, Summary of the activity, binding and inhibition data for the Pchlide analogues. The structures and apparent kcat, Km, Kd and Ki (where applicable, in each case) are shown for Pchlide (I), protopheophorbide (II), Pchlide with a C-17 methylester (III), Pchlide with a C-13â€“OH (IV) and Pchlide with a C-13 and C-15 methylester (V). The red circles show the regions of the Pchlide molecule that have previously been shown to be important for activity (central Mg2+, ring E and the side chain at the C-17 position). The structures of all of the Pchlide derivatives described in the present study are shown with the modifications indicated by dashed red circles.


Extended Data Fig. 7 Hydrogen-bonding interactions between Tyr223 and the C-13 keto group during Pchlide binding.
aâ€“g, Change in hydrogen bonding between Tyr223 and Pchlide C-13 keto group during Pchlide binding. Plots of the distance R0 between Pchlide Mg2+ and base of POR binding pocket (black), and the distance RHB (HB, hydrogen bonding) between the Tyr223 hydroxy proton and keto oxygen (blue) from 20-ns molecular dynamics simulations at increasing R0 values. h, Average RHB for each 0.5Â Ã… bin for R0. i, Extended 100-ns molecular-dynamics simualation with R0 restrained at 1.7Â Ã… to further illustrate the stability of the hydrogen bond between Y223 and the keto group. jâ€“m, As the Pchlide leaves the binding pocket (shown sequentially from j to m), the Tyr 223 residue is free to move around and form a transient hydrogen bond with the C-13 keto group of Pchlide to â€˜guideâ€™ the Pchlide into its final orientation. The protein backbone is shown as a grey cartoon. At each stage, the Pchlide and Y223 molecules have been highlighted with thicker sticks in the figure.


Extended Data Fig. 8 Evolution associated difference spectra that result from global analysis using a sequential model of visible transient absorption data collected between 0.6Â ns and 2.7Â Î¼s.
aâ€“h, Evolution associated difference spectra (EADS) are shown for Pchlide (a), POR with NADPH and Pchlide (b), protopheophorbide (c), POR with NADPH and protopheophorbide (d), Pchlide with a C-13 and C-15 methylester (e), POR with NADPH, and Pchlide with a C-13 and C-15 methylester (f), Pchlide with a C-13â€“OH (g), POR with NADPH, and Pchlide with a C-13â€“OH (h). All data could be fitted using two EADS, except for POR with NADPH and Pchlide, which required three EADS owing to the formation of the hydride transfer intermediate (spectrum in red in b). The absence of any additional intermediates for the Pchlide analogues in the presence of POR implies impaired photochemistry.


Extended Data Fig. 9 Potential interactions in the T.Â elongatus POR ternary complex model.
a, The Pchlide molecule was chosen as the ligand, and the POR protein and solvent were chosen as the receptor. The 2D interaction map was calculated through molecular operating environment software (Chemical Computing Group). b, The NADPH molecule was chosen as the ligand, and the POR protein and solvent were chosen as the receptor. The 2D interaction map was calculated through molecular operating environment software (Chemical Computing Group).


Extended Data Table 1 Data collection and kinetic parameters of PORFull size table
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Video 1
Protochlorophyllide binding video.
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