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            Abstract
Light-driven sodium pumps actively transport small cations across cellular membranes1. These pumps are used by microorganisms to convert light into membrane potential and have become useful optogenetic tools with applications in neuroscience. Although the resting state structures of the prototypical sodium pump Krokinobacter eikastus rhodopsin 2 (KR2) have been solved2,3, it is unclear how structural alterations over time allow sodium to be translocated against a concentration gradient. Here, using the Swiss X-ray Free Electron Laser4, we have collected serial crystallographic data at ten pump–probe delays from femtoseconds to milliseconds. High-resolution structural snapshots throughout the KR2 photocycle show how retinal isomerization is completed on the femtosecond timescale and changes the local structure of the binding pocket in the early nanoseconds. Subsequent rearrangements and deprotonation of the retinal Schiff base open an electrostatic gate in microseconds. Structural and spectroscopic data, in combination with quantum chemical calculations, indicate that a sodium ion binds transiently close to the retinal within one millisecond. In the last structural intermediate, at 20 milliseconds after activation, we identified a potential second sodium-binding site close to the extracellular exit. These results provide direct molecular insight into the dynamics of active cation transport across biological membranes.
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                    Fig. 1: Time-resolved absorption measurements on KR2 in solution and crystals.[image: ]


Fig. 2: Early steps in the activation of a light-driven sodium pump.[image: ]


Fig. 3: Structural changes along the sodium translocation pathway.[image: ]


Fig. 4: Electrostatic gating mechanism.[image: ]
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                Data availability

              
              Resting state coordinates and structure factors have been deposited in the PDB database under accession code 6TK7 (acidic pH) and 6TK6 (neutral pH). Together with the neutral pH resting state structure, the light-activated data for all time points (800 fs, 2 ps, 100 ps, 1 ns, 16 ns, 1μs, 30 μs, 150 μs, 1ms and 20 ms) were deposited in the mmCIF file. For the refined structures using combined data (800 fs + 2 ps, 1 ns + 16 ns and 30 μs + 150 μs) and single (1 ms and 20 ms) light-activated data sets, coordinates, light amplitudes, dark amplitudes and extrapolated structure factors have been deposited in the PDB database under accession codes 6TK5 (800 fs + 2 ps), 6TK4 (1 ns + 16 ns), 6TK3 (30 μs + 150 μs), 6TK2 (1 ms) and 6TK1 (20 ms).
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Extended data figures and tables

Extended Data Fig. 1 TR-SFX sample preparation scheme and characterization.
a, Two lipidic phases, the first containing KR2 crystals from which the acidic buffer had been washed away and the second containing soaking buffer, were mixed through a three-way coupler40. The sodium concentration was adjusted to 150 mM and tests with litmus paper indicate a pH close to 8 in the final mixture. b, Left, crystals after TR-SFX sample preparation with varying Tris buffers with pH values from 7.0 to 9.0. Right, KR2 in 200 mM Tris, 150 mM NaCl, 0.02% DDM, 0.004% CHS solution with varied pH of Tris buffer. Note that crystals grown in LCP reach a red colour after mixing with Tris pH 9.0, whereas the solution reaches red colour at pH 8.0. This shift is probably due to residual buffering capacity from the original crystallization conditions, as confirmed by a litmus paper test. c, Size distribution of crystals determined by microscopy inspection after TR-SFX sample preparation. d, Microscopy picture of KR2 crystals grown at acidic pH and in the absence of NaCl; after washing out the crystallization buffer; the TR-SFX sample prepared via the procedure shown in a; and LCP with KR2 crystals soaked directly as control. The colour change upon increasing pH was confirmed in five independent experiments. e, Overview of TR-IR traces and visible absorption spectra obtained from blue KR2 crystals in the original acidic crystallization condition, red crystals prepared in analogy to the TR-SFX experiment, and in hydrated film at pH 8 in the presence of sodium chloride (solution). The corresponding lower panels show a kinetic analysis of KR2 intermediates obtained by global fit analysis of the spectroscopic data. Time constants are given in parentheses. Under acidic conditions, KR2 in crystals exhibits an accelerated photocycle. In treated crystals, the critical deprotonation step in the M intermediate occurs with similar kinetics as in purified KR2. f, g, Detailed view of the retinal binding pocket in the serial crystallographic room temperature structures of KR2 obtained from blue crystals at acidic pH (f) and red crystals after soaking in neutral pH and NaCl (g). Critical hydrogen bonds with a distance of ≤3.2 Å are indicated by black dotted lines. Arrows signify the distance from the SB to w406 and the D116 counterion. In neutral conditions, w406 has shifted away from the SB while D116 and N112 are now within hydrogen bonding distance. The resulting change in electrostatic environment is responsible for the colour change, as reported previously2.


Extended Data Fig. 2 Spectroscopic analysis of sodium binding mode.
a, b, Time-resolved IR absorption changes from KR2 microcrystals at pH 8 (a) and at pH 4 (b) recorded with tunable quantum cascade lasers as described54. The maximum concentration of the O intermediate is reached at around 1–20 ms after pulsed excitation at pH 8 and is characterized by specific marker bands that are absent at pH 4, in particular the C=C stretching vibrational band of retinal at 1,516 cm−1 of the O state. The band at 1,688 cm−1 has previously been suggested to originate from the C=O stretching mode as a result of sodium binding to an asparagine residue, presumably N11261. The band at 1,554 cm−1 is tentatively assigned to the asymmetric stretching vibration of a carboxylate that rises upon binding of a sodium ion in bidendate or pseudo-bridging fashion where one of the carboxylate oxygens is interacting with another partner62,63. For a detailed analysis of the ligation, the corresponding symmetrical mode needs to be assigned, as the frequency difference between the COO− asymmetric and symmetric stretch is dependent on the mode of sodium ligation64,65. c, O(like)-KR2 (ground state) difference spectra recorded under different conditions. Spectra have been scaled to the ground-state bleaching band measured between 1,530 and 1,540 cm−1. It is well-established that KR2 operates exclusively as a sodium pump at neutral pH and in the presence of sodium ions. KR2 acts as proton pump in the presence of KCl but has no (known) function at pH 41,28. It is evident that the band at 1,688 cm−1 is most pronounced if sodium is pumped, which supports the assignment to the C=O stretching vibration of N112 upon binding of sodium. d, Time traces of the ethylenic stretch of the O state vibrating at 1,518 cm–1 and the two candidate vibrational bands at 1,420 cm–1 and 1,392 cm−1 of the symmetric carboxylate stretching vibration. The band at 1,420 cm–1 exhibits similar kinetic behaviour to the one at 1,518 cm–1. Hence, the former vibrational band is tentatively assigned as the symmetrical mode that relates to the asymmetrical vibration at 1,554 cm−1 of deprotonated D251 upon ligation of a sodium ion. The difference in frequency between the symmetric and asymmetric modes is with 135 cm−1 at the edge of binding in bidentate to pseudobridging mode of model compounds62,64,65. This indicates that the two oxygens of D251 are not equidistant from the sodium ion. Such asymmetric ligation is expected in the heterogenous environment of the protein interior as documented by our X-ray structures in the millisecond regime.


Extended Data Fig. 3 Comparison of data truncation schemes and changes in retinal over time.
a, Top, Fo − Fc simulated annealing omit maps of the resting state at 4σ. No truncation (left) shows the map using all data up to 1.6 Å resolution along a*, b* and c*. Spherical truncation (middle) shows the map using all data up to 2.2 Å resolution along a*, b* and c*. Anisotropic truncation (right) shows the map using data up to 2.3 Å, 2.2 Å and 1.6 Å resolution along a*, b* and c*, respectively, as truncated by the staraniso server47. Bottom, Fo(light) − Fo(dark) difference density maps of the 1-ms time delay at the region around retinal and V117 at 3σ. The structure is shown as sticks (salmon, resting state; cyan, 1 ms refined structure). No truncation (left) shows the map using all data up to 1.6 Å resolution. Spherical truncation (middle) shows the map using all data up to 2.2 Å resolution. Anisotropic truncation (right) shows the map using data up to 1.6 Å resolution in c* as truncated by the staraniso server. Overall, the truncated data result in better electron density maps (both for 2Fo − Fc maps and Fo(light) − Fo(dark) difference maps), with finer features being resolved. This effect is probably because noise along the missing directions is removed when compared to no truncation, while retaining the high-resolution data along c* when compared to spherical truncation. b, The evolution of electron density around the retinal chromophore over time. Retinal and K255 of the refined structures are shown as sticks and the electron density is displayed around them (blue mesh, 2σ). Top, original 2Fo − Fc electron density map; panels below show extrapolated 2Fextra − Fc maps. The extrapolated maps allow us to follow retinal isomerization in detail. In the dark state (top), the middle section or the retinal polyene chain is slightly bent downwards. In the picoseconds range, the isomerization is completed and the polyene appears to be straightened. In our ultrafast data, we did not observe retinal with a pronounced twist in the C13=C14 bond as in bR, with retinal in KR2 reaching a near planar 13-cis conformation much earlier along the activation pathway. In the time delays from nanoseconds to milliseconds, the electron density reveals a bend in the retinal molecule resulting from two planes that are twisted against each other. While the exact dihedral angles cannot be refined realistically on the basis of the extrapolated data, the bend seems to originate from the C9=C10–C11=C12 dihedral angle as suggested for the L, M and O intermediates based on time-resolved FTIR18 and resonance Raman spectroscopy32. After 20 ms, a definite conclusion concerning the retinal isomer is difficult. The extrapolated maps suggest that a fraction of the retinal molecules may have already re-isomerized to the all-trans conformation, while it is still bent sideways.


Extended Data Fig. 4 Experimental setup and evolution of structural changes over time.
a, KR2 crystals were extruded in a stream of LCP from a high-viscosity injector. At the interaction point, the crystals were pumped with 575-nm femtosecond laser pulses before probing for structural changes with near parallel 12-keV XFEL pulses arriving from SwissFEL with a specific time delay Δt. The diffraction patterns were collected with a Jungfrau 16 M detector in a series of four light-activated patterns and one dark pattern, for which the visible pump laser was blocked. To reduce background through diffuse scattering of XFEL radiation in air, the experimental chamber was pumped down to 100–200 mbar while the residual air was replaced by helium. b, The evolution of structural changes in KR2 over time can be followed in a matrix of r.m.s.d. between all protein and retinal atoms (total of 2,703) in individual KR2 structural snapshots. The numerical r.m.s.d. values have been determined using the program pymol and are coloured in a blue–white–red gradient. The black boxes highlight time delays at which we combined data based on manual inspection of electron density maps and the evolution of photo intermediates in KR2 crystals determined by TR-IR spectroscopy. The approach was inspired by a recently published tool for visualizing protein motions in time-resolved crystallography66 but relies on refined atom positions instead of electron density changes. c, Difference electron density maps (Fo(light) − Fo(dark), negative density in gold and positive density in blue, contoured at 4σ and shown together with the KR2 resting state) obtained at the indicated time delays. The first panel is included as a control and shows difference electron density obtained from 50,000 patterns collected with laser off and 100,000 images from dark patterns obtained using the four light/one dark cycle used during TR-SFX data collection. For orientation, important residues discussed in the main text are shown as sticks.


Extended Data Fig. 5 Comparison of monomeric and pentameric KR2 structures.
Overall the structures at neutral pH reported in this work (left), in Kato et al.2 (middle) and in Kovalev et al.20 (right) are very similar (r.m.s.d. of Cα atoms of 0.30 and 0.72 Å, respectively) with the positions of residues and hydrogen bonding pattern (lower insets, black dotted lines, defined as distance ≥3.2 Å) in the binding pocket well preserved. Depending on conditions, the pocket in the pentameric structure can adopt the extended conformation shown. Here N112 is rotated out into the interaction interface between two KR2 protomers (coloured red) and the space is filled with water molecules. As the pentameric resting state can adopt a more open conformation in the SB region3, we cannot exclude the possibility that the electrostatic gate does not fully open in our crystals formed from monomeric KR2 (see main text). However, an unpublished steady-state structure of pentameric KR2 under continuous illumination (PDB 6XYT, Gordeliy group, IBS Grenoble) shows N112 rotated back into the binding pocket in a conformation very similar to our time-resolved millisecond states. As the retinal is modelled in the trans configuration, the 6XYT structure may represent a later intermediate compared to what we observe. The opening along the retinal (calculated by the program Caver39) in our 30 μs + 150 μs structure is 1.4 Å, which is very close to the 1.9 Å needed for a sodium ion to pass. Stable structural intermediates that accumulate in time-resolved studies of molecule ensembles do not necessarily reveal all functional states33 and it seems reasonable that a gate should form only when sodium is in close proximity to the SB. This would allow fast transfer of sodium to the extracellular side upon deprotonation. The gate would then collapse immediately upon sodium binding on the extracellular side, coinciding with reprotonation of the SB. Such a mechanism would efficiently prevent sodium back leakage. Differences in the position of N112 between the monomeric and pentameric resting states could furthermore explain the long-range effects of mutations in the oligomerization interface on the photocycle17 and sodium pumping efficiency1,17,20.


Extended Data Fig. 6 Comparison of ion binding sites in selected members of the rhodopsin family and QM/MM simulations.
a, Sodium binding site in Krokinobacter eikastus rhodopsin 2 (KR2, this work). b, Chloride binding site in the related bacterial pump Nonlabens marinus rhodopsin 3 (NM-R3, PDB 5G2867). c, Protonated SB in bacteriorhodopsin (bR, PDB 6RQP26). d, Chloride binding site in halorhodopsin (HR, PDB 1E1268). The retinal chromophore together with selected interactions and amino acid side chains are shown as dotted lines or sticks. Besides overall similarity in ion binding between bacteria and archea, the suggested binding site in KR2 is in line with quantum chemical calculation of absorbance changes upon sodium binding. e–g, The QM/MM-optimized geometry of the resting state (e) and the 1-ms structure with water (f) or sodium (g) bound to N112, D251. h, Comparison of the absorption shifts of the states measured in UV/Vis difference spectroscopy with the calculated QM/MM excitation wavelengths. Absolute values are given in parentheses. i, j, The extent and location of structural changes in KR2 at 20 ms (i) and bR at 15 ms (j) after activation (blue-to-red gradient and ribbon width indicate r.m.s.d. to the resting state, bR coordinates taken from previous work26). The light-driven pumping against a concentration gradient is achieved with smaller conformational changes in the order of 1–2 Å in sodium pumping KR2 compared to the more elusive protons pumped by bR24,26. The translocation path for sodium and protons (arrows), however, is similar for both proteins and includes three critical sites (see reviews on bR structural dynamics69 and activation mechanism70). Close to the water-filled cavity on the cytoplasmic side of KR2, Q123 of the NDQ motif is the most likely location for where the sodium ion loses its water coordination shell. The position is analogous to D96 of the DTD motif in bR, which is the primary donor for reprotonation at the end of the pumping cycle. The second critical site is formed by D116, N112 and D251, which correspond to D85, T89 and D212 in bR and coordinate sodium and proton transport in the SB region. The role of R109 in switching from water to sodium binding in KR2 is analogous in position and function to that of R82, which regulates the transfer of protons towards the release group in bR. The proton release group in bR is formed by E194 and E204, with the position overlapping well with the second sodium binding site between E11, N106 and E160 at the extracellular side of KR2. Beside these similarities, the sequence of events is clearly different between the two outward ion pumps. Light-driven pumping in bR starts with (1) a prebound proton followed by (2) release and (3) reloading. In KR2 the process is shifted in sequence with (1) entry, (2) binding and (3) release with a corresponding adaptation of the photocycle intermediates. The similar ion binding modes between bacteria and archea, together with how retinal isomerization is used to drive them, provides a notable example of the evolutionary economy of nature. The adaptation of this common leitmotif is particularly interesting in the case of KR2, where substrate binding has been shifted from the stable resting state into a transient intermediate.


Extended Data Table 1 X-ray statisticsFull size table


Extended Data Table 2 Refinement statisticsFull size table





Supplementary information
Reporting Summary

Video 1: Mechanistic Overview
The video shows the transition between six structural intermediates: resting state, 800fs+2 ps, 1ns+16ns, 30μs+150μs, 1ms and 20ms. The first step illustrates the absorption of a photon by the retinal chromophore which leads to trans-cis isomerization within a few hundred femtoseconds. Light energy is released when retinal tilts and pushes against V117 in nanoseconds, transmitting early changes along helix C. In the microseconds, the proton from the retinal SB is transferred to D116 leading to charge neutralization and opening of an electrostatic gate. Together with the relocation of helix C and G, this opens a pathway allowing w406 to be replaced by sodium. In the early milliseconds, the transported ion is ligated by N112 and D251 while the SB is reprotonated to prevent back leakage towards the intracellular side. In a final step, rearrangements of helix D forms a second binding site between E11, N106 and E160, from where sodium is released into the extracellular medium.


Video 2: High-speed jetting test of KR2 crystal preparations
Continuous and smooth extrusion of crystals is critical for a TR-SFX experiment. Monitoring the extrusion using a high-speed camera setup as described[40] allows efficient data collection. This time-lapse video shows the extrusion behaviour for a typical KR2 crystal preparation.





Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Skopintsev, P., Ehrenberg, D., Weinert, T. et al. Femtosecond-to-millisecond structural changes in a light-driven sodium pump.
                    Nature 583, 314–318 (2020). https://doi.org/10.1038/s41586-020-2307-8
Download citation
	Received: 29 November 2019

	Accepted: 16 April 2020

	Published: 20 May 2020

	Issue Date: 09 July 2020

	DOI: https://doi.org/10.1038/s41586-020-2307-8


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
                        








            


            

            
                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
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	protocols.io
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
