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            Abstract
The enzyme hydrogenase reversibly converts dihydrogen to protons and electrons at a metal catalyst1. The location of the abundant hydrogens is of key importance for understanding structure and function of the protein2,3,4,5,6. However, in protein X-ray crystallography the detection of hydrogen atoms is one of the major problems, since they display only weak contributions to diffraction and the quality of the single crystals is often insufficient to obtain sub-Ã¥ngstrÃ¶m resolution7. Here we report the crystal structure of a standard [NiFe] hydrogenase (âˆ¼91.3 kDa molecular mass) at 0.89 Ã… resolution. The strictly anoxically isolated hydrogenase has been obtained in a specific spectroscopic state, the active reduced Ni-R (subform Ni-R1) state. The high resolution, proper refinement strategy and careful modelling allow the positioning of a large part of the hydrogen atoms in the structure. This has led to the direct detection of the products of the heterolytic splitting of dihydrogen into a hydride (Hâˆ’) bridging the Ni and Fe and a proton (H+) attached to the sulphur of a cysteine ligand. The Niâ€“Hâˆ’ and Feâ€“Hâˆ’ bond lengths are 1.58 Ã… and 1.78Ã…, respectively. Furthermore, we can assign the Feâ€“CO and Feâ€“CNâˆ’ ligands at the active site, and can obtain the hydrogen-bond networks and the preferred proton transfer pathway in the hydrogenase. Our results demonstrate the precise comprehensive information available from ultra-high-resolution structures of proteins as an alternative to neutron diffraction and other methods such as NMR structural analysis.




            
                
                    

    
        
            
                
                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
            
        

        
    



                    
                

                
    
    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
        



    

                
                    Figure 1: Structure of [NiFe] hydrogenase from D. vulgaris Miyazaki F and proposed catalytic cycle.[image: ]


Figure 2: The [NiFe] active site in the Ni-R form.[image: ]


Figure 3: A possible proton transfer pathway and the ligands of the [NiFe] active site.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Electron density maps of the [FeS] clusters and the Mg binding site.
Stereo views of the 2Fo âˆ’ Fc electron density map contoured at 4Ïƒ and the Fo âˆ’ Fc omit map contoured at 5Ïƒ of Ni-RUH data are shown in blue and green, respectively. The green mesh indicates the electron density of the hydrogen atoms. a, Proximal [4Feâ€“4S] cluster. b, Medial [3Feâ€“4S] cluster. c, Distal [4Feâ€“4S] cluster. The superscript S indicates that the coordinated amino-acid residues are in the small subunit. d, The Mg at the carboxy (C) terminus and water molecules involved in the hydrogen bond networks. Stereo view of the 2Fo âˆ’ Fc electron density map contoured at 4Ïƒ and the Fo âˆ’ Fc omit map contoured at 3Ïƒ of Ni-RUH data are shown in blue and green, respectively.


Extended Data Figure 2 FTIR spectroscopy.
FTIR spectra recorded under anoxic conditions with H2 (1.5 Â± 0.5%) and N2 (98.5 Â± 0.5%) at T = 293 K. Several crystals together with a small amount of the surrounding crystallization buffer in the same crystallization well used for X-ray diffraction experiments were loaded in the infrared cell (CaF2 windows). a, Crystals from Ni-RUH. b, Crystals from Ni-RH. The peaks, Î½CO (1945 cmâˆ’1) and Î½CNs (2060 and 2074 cmâˆ’1), indicate the Ni-R1 state. The peaks, 1930/1931 cmâˆ’1 and 1960 cmâˆ’1, indicate Î½CO of the Ni-R2 and Ni-C states, respectively. The peak (at âˆ¼1986 cmâˆ’1) marked with an asterisk is probably caused by degraded material in the crystallization buffer. The ratio of Ni-R1, Ni-R2 and Ni-C in Ni-RUH was estimated to 78%, 18% and 4%, respectively. In Ni-RH the ratio of Ni-R1, Ni-R2 and the species giving rise to the peak at 1986 cmâˆ’1 was estimated to 85%, 9% and 5%, respectively. The detection limit was about 1â€“2%.


Extended Data Figure 3 Estimated coordinate errors of the amino-acid residues and position of the hydrogen atoms.
a, The estimated standard deviation of the bond length of the amino-acid residues (carbon, black; nitrogen, blue; oxygen, red) except for the hydrogen atoms and the metal atoms. Atoms with large B-factors (>30 Ã…2) were omitted. b, The electron density map of Gly 550 (2Fo âˆ’ Fc map, blue, contoured at 4Ïƒ; Fo âˆ’ Fc omit map, green, contoured at 3.6Ïƒ). The green spheres show the peak positions of the residual electron density in the Fo âˆ’ Fc omit map. The position of the hydrogen atoms by the riding models (that is, expected position of the electron density for X-ray and of the nuclei for neutron diffraction) is shown both for X-ray (labelled Hx) and for neutron diffraction (HN), respectively. For X-ray crystallography it is well known that the electron density of the hydrogen atoms appears closer to the attached heavier atoms17. The peak positions of the residual electron density are shifted compared to the riding models (âˆ¼0.1 Ã… for X-ray and âˆ¼0.2 Ã… for neutron diffraction).


Extended Data Figure 4 Electron density map of the active site.
Stereo view of the 2Fo âˆ’ Fc electron density map contoured at 4Ïƒ and the Fo âˆ’ Fc omit map contoured at 5Ïƒ of Ni-RUH data are shown in blue and green, respectively. The green mesh indicates the electron density of the hydrogen atoms. The colour code of the ball and stick representation is nickel (green), iron (orange), carbon (grey), nitrogen (blue), oxygen (red), sulphur (yellow) and hydrogen (white). The figure highlights the electron density (the Fo âˆ’ Fc omit map in green) of the hydrogen atoms around the [NiFe] active site. One hydrogen atom attached to CÎ²(Cys 546) was invisible, but the rest of the hydrogen atoms of the four cysteine residues bound to the [NiFe] active site could be clearly identified. The electron density of the hydride bridge is slightly larger than that of the hydrogen atoms of the cysteine residues because of the two electrons of the hydride (see Extended Data Fig. 5).


Extended Data Figure 5 Plots of relative averaged electron density versus temperature factor.
The hydrogen atoms of the selected 50 amino-acid residues that are located within 10 Ã… from the Ni atom are shown by the black dots. Atoms with large B-factors (>10 Ã…2) were omitted. The red and blue squares indicate the hydride bridge and the proton attached to the Cys 546, respectively. The ellipsoid represents the 95% limit for a fit of the hydrogen atoms. The relative averaged electron density value of the hydride (6.7) is twofold larger than the centre of the ellipsoids (3.1). The plot clearly shows the larger electron density for the hydride (Hâˆ’) compared with the other hydrogens and excludes the possibility that this density results from a heavier atom (such as oxygen, for example).


Extended Data Figure 6 Comparison of the reduced and oxidized states of the [NiFe] active site.
The 2Fo âˆ’ Fc electron density map (contoured at 4Ïƒ, blue) and the Fo âˆ’ Fc omit map (contoured at 6Ïƒ, green) shows the data from Ni-RH. The ball and stick models show the superimposed structures of the [NiFe] active site. The structure alignment was done using all amino-acid residues. The reduced state (Ni-RUH and Ni-RH) and the oxidized states (Ni-A: PDB accession numbers 1WUH and 1WUI; Ni-B: PDB accession number 1WUJ)27 are shown in white and red, respectively. The residual electron density (green mesh) at the bridging position indicates that no contamination of the oxidized state in the crystal structure is presented. The bond lengths are listed in the Extended Data Table 2.


Extended Data Figure 7 Geometry of the Ni-R and Ni-C states of [NiFe] hydrogenase.
Bond lengths (in Ã¥ngstrÃ¶ms) and angles (in degrees) for the coordination of the nickel ion at the active site are shown. a, Ni-RUH data. b, Ni-R state from DFT calculations (Ni2+)28. The cysteine residue (Cys 546) is protonated in both X-ray structure and DFT calculations. c, Ni-C state from DFT calculations (Ni3+), here the Cys 546 is not protonated28. The Niâ€“S(Cys 549) bond length in the Ni-RUH data (2.54 Ã…) is significantly longer than the other Niâ€“S bond lengths (âˆ¼2.2 Ã…). These structural features are in good agreement with recent DFT calculations, indicating a near square pyramidal geometry at the Ni2+, indicating a low-spin state28. In the Ni-C state, the four Niâ€“sulphur bond lengths are almost equal (2.3 Â± 0.1 Ã…), and the angle is âˆ¼167Â° (S(Cys 84)â€“Niâ€“S(Cys 546)).


Extended Data Figure 8 Possible proton transfer pathways.
a, Ball and stick representation of the active [NiFe] site, the amino-acid residues and the water molecules that are related to the possible proton pathways (1â€“3). The black dotted lines indicate the hydrogen bond networks. Path 2 and Path 3 are less favourable owing to participation of non-conserved amino acids (for example, Glu 57S in Path 2 is replaced by Leu/Ile in case of the [NiFeSe] hydrogenases breaking the hydrogen bond. Leu 57 in Path 3 is replaced by Met in the case of the membrane-bound [NiFe] hydrogenases, which also breaks the hydrogen bond network26). b, Electron density map (2Fo âˆ’ Fc map, 4Ïƒ, blue; Fo âˆ’ Fc omit map, 2.5Ïƒ, green) of part of the proton pathway (Path 1) involving protonated His 36. The green mesh indicates the electron density of the hydrogen atoms. c, Possible proton pathway (Path 3) and the coordination of the Mg site. The electron density is only shown for the water molecules for simplicity. The black dotted lines show Path 3 and the red dotted lines show the coordination of the Mg centre and of its hydrogen bond network. d, The sequence alignment related to the proton transfer pathway for different species. The amino-acid residues marked with stars are shown in Fig. 3a. DvMF, D. vulgaris Miyazaki F; Av, Allochromatium vinosum; Dd, Desulfovibrio desulfuricans; Df, Desulfovibrio fructosovorans; Dg, Desulfovibrio gigas; Ec, Escherichia coli; Hm, Hydrogenovibrio marinus; Re, Ralstonia eutropha; Se, Salmonella enterica; Db, [NiFeSe] hydrogenase from Desulfomicrobium baculatum; DvH, [NiFeSe] hydrogenase from D. vulgaris Hildenborough. The PDB entries are also given. The references describing the structures of these hydrogenases are found in ref. 1.


Extended Data Table 1 Data collection and refinement statistics*Full size table


Extended Data Table 2 Bond lengths of the [NiFe] active site and the Ni-complexesFull size table
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        Editorial Summary
Hydrogens visualized in hydrogenase enzyme
[NiFe] hydrogenases use nickel and iron to catalyse the reversible oxidation of molecular hydrogen. They are the focus of much research worldwide because of their potential in biotechnology and in serving as natural models for biomimetic catalysts in the energy sector for hydrogen production and conversion. In protein X-ray crystallography it is notoriously difficult to detect hydrogens, a particularly significant problem in hydrogenases where hydrogens are involved directly in the reaction. Hideaki Ogata et al. have succeeded in obtaining a sub-Ã¥ngstrÃ¶m resolution X-ray crystal structure of [NiFe] hydrogenase leading to detection of most of the hydrogens even close to the metal ions. Using their technique authors were able to detect the products of the heterolytic splitting of dihydrogen: a hydride that bridges the Ni and Fe ions, and a proton that is attached to the sulfur of a cysteine ligand.
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