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            Abstract
Photosynthetic reaction centres harvest the energy content of sunlight by transporting electrons across an energy-transducing biological membrane. Here we use time-resolved serial femtosecond crystallography1 using an X-ray free-electron laser2 to observe light-induced structural changes in the photosynthetic reaction centre of Blastochloris viridis on a timescale of picoseconds. Structural perturbations first occur at the special pair of chlorophyll molecules of the photosynthetic reaction centre that are photo-oxidized by light. Electron transfer to the menaquinone acceptor on the opposite side of the membrane induces a movement of this cofactor together with lower amplitude protein rearrangements. These observations reveal how proteins use conformational dynamics to stabilize the charge-separation steps of electron-transfer reactions.
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                    Fig. 1: Electron-transfer steps of the photosynthetic reaction centre of B. viridis.[image: ]


Fig. 2: Light-induced electron density changes in BvRC at the site of photo-oxidation.[image: ]


Fig. 3: Light-induced electron density changes in BvRC within the QA binding pocket.[image: ]


Fig. 4: Structural response of BvRC to electron-transfer events.[image: ]
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                Data availability

              
              Atomic coordinates and structure factors have been deposited in the Protein Data Bank. PDB ID codes are as follows: 5O4C, dark conformation (dataset a); 5NJ4, dark conformation (dataset b); 6ZHW, time point Δt = 1 ps; 6ZI4, time point Δt = 5 ps (dataset a); 6ZID, time point Δt = 5 ps (dataset b); 6ZI6, time point Δt = 20 ps; 6ZI5, the time point Δt = 300 ps (dataset a); 6ZI9, time point Δt = 300 ps (dataset b); 6ZIA, time point Δt = 8 μs. Difference Fourier electron density maps and stream files containing X-ray diffraction intensities are deposited at the CXI database (http://www.cxidb.org/) with identification number 161. Source data are provided with this paper.

            

Code availability

              
              Software used for SVD analysis is available at https://github.com/Neutze-lab/SVD. Code written in MATLAB to analyse difference electron-density amplitudes is available at https://github.com/Neutze-lab/maptool. Software associated with the resampling of X-ray diffraction data is available at https://github.com/Katona-lab/CFEL_tools. The Gromacs 4.5 version linked to TeraChem for QM/MM optimization is available for download from https://github.com/dmmorozo/GromacsTc.
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Extended data figures and tables

Extended Data Fig. 1 Dependence of transient infrared spectra on the pump laser fluence.
a, Time-resolved infrared difference spectra recorded from BvRC in D2O buffer for four time points and variable pump-laser fluence following 960 nm excitation. Spectral changes are consistent with previous reports74,75. Dominant time-dependent features are highlighted and include a negative band at 1,687 cm−1 (9-carbonyl stretch in SPL and SPM) and a broad negative band centred at 1,680 cm−1 (9-carbonyl stretch in BChL). Transient changes from ∆t = 2 ps to 5 ps correlate with the time-dependent photo-oxidation of SP. Grey columns indicate decreasing bands whereas cyan columns indicate increasing bands. b, Time-resolved infrared difference spectra normalized and superimposed. These spectra remain superimposable throughout the analysed pump-laser fluence domain. c, Dependence of the magnitude of the difference infrared signal (calculated as the sum of the absolute value over all pixels) on the pump laser fluence. Below 20 GW cm−2, the absolute signal increases approximately linearly whereas above 60 GW cm−2 the signal flattens out as a plateau is reached. This plateau is consistent with the complete bleaching of the special pair absorption at 960 nm in the photo-excited state and correlates with the phenomenon of hole burning in BvRC42.


Extended Data Fig. 2 Overview of the experimental Fo(light) − Fo(dark) difference Fourier electron density maps calculated between the photo-excited and resting state data.
a, Overview of the structure of BvRC when viewed from the plane of the membrane. Transmembrane helices EL and DM are highlighted in red and gold, respectively. b–h, Difference Fourier electron density maps for the following time points. b, ∆t = 1 ps. c, ∆t = 5 ps (dataset a). d, ∆t = 5 ps (dataset b). e, ∆t = 20 ps. f, ∆t = 300 ps (dataset b). g, ∆t = 300 ps (dataset a). h, ∆t = 8 μs. All maps are contoured at ±4.0σ. Blue, positive difference electron density; gold, negative difference electron density.


Extended Data Fig. 3 Light-induced electron density changes in BvRC at the site of photo-oxidation.
Experimental Fo(light) − Fo(dark) isomorphous difference Fourier electron density maps for the following time points. a, ∆t = 1 ps. b, ∆t = 5 ps (dataset a). c, ∆t = 5 ps (dataset b). d, ∆t = 20 ps. e, ∆t = 300 ps (dataset b). f, ∆t = 300 ps (dataset a). g, ∆t = 8 μs. h, i, Principal components from the SVD analysis of difference Fourier electron density maps for the first four time points, ∆t = 1ps, 5 ps (dataset a), 5 ps (dataset b) and 20 ps (h) and the final three time points, ∆t = 300 ps (dataset a), 300 ps (dataset b) and 8 μs (i). All maps are contoured at ±3.2σ. Blue, positive difference electron density; gold, negative difference electron density. Peak heights listed in Extended Data Table 2 are marked with coloured circles in h and i. j, Representation of a sphere of radius 4.5 Å used to integrate difference electron density above a pedestal of 3.0σ as described previously20. Positive difference density amplitudes (A+) and negative difference density amplitudes (A−) were merged according to \(A({\bf{r}})=\sqrt{{({A}^{+})}^{2}+{({A}^{-})}^{2}}\) and are displayed in Fig. 2f. These integrated difference electron density values are also used in the statistical analyses presented in Extended Data Table 3. k, Simulated difference Fourier electron density maps near the SP calculated from the refined structure for ∆t = 20 ps versus the refined resting state structure. Data are cut at a resolution of 2.8 Å for comparison with experimental data. The simulated map is contoured at ±12.0σ. l, Relative magnitude of the singular values that result from the SVD analysis of the difference Fourier electron density maps for all seven time points. m, First (blue) and second (red) columns of the unitary matrix U resulting from SVD analysis of all seven time points weighted according to their corresponding singular values. The first right singular vector (the principal SVD component) makes a significant and positive contribution to all time points. By contrast, the difference electron density maps for ∆t = 5ps (dataset a) and 300 ps (dataset a) contain strong negative contributions from the second right singular vector, which suggests that differences between the two experimental runs cause systematic differences in the difference Fourier electron density maps that are separated by SVD analysis.
Source data


Extended Data Fig. 4 Electron density changes near the active site of myoglobin.
The Fo(light) − Fo(dark) difference Fourier electron density map for Δt = 10 ps was calculated from data (PDB entries 5CNE minus 5CMV) recorded during TR-SFX studies of the photo-dissociation of carbon monoxide from the active site of myoglobin21. a, Data from 15 Å to 1.8 Å were used to calculate the difference Fourier electron density map. b, Data from 15 Å to 3.0 Å were used to calculate the difference Fourier electron density map. Positive and negative difference electron density features associated with the haem group indicate slight motions of the protoporphyrin-IX. Blue represents positive difference density (contoured at 3.0σ) and gold represents negative density (contoured at −3.0σ). At 1.8 Å, the maximum amplitude of the highlighted difference density features are: a+, 14.5σ; a−, 14.0σ; b+, 4.6σ; b−, 4.0σ; c+, 4.1σ, c−, 4.0σ; d+, 3.8σ. When the map is recalculated after data are cut to a resolution of 3.0 Å the corresponding values are: a+, 11.9σ; a−, 12.4σ; b+, 4.2σ; b−, 4.1σ; c+, 3.7σ, c−, 2.9σ; d+, 3.2σ.


Extended Data Fig. 5 Light-induced electron density changes in BvRC within the QA binding pocket.
Experimental Fo(light) − Fo(dark) difference Fourier electron density maps for the following time points. a, ∆t = 1 ps. b, ∆t = 5 ps (dataset a). c, ∆t = 5 ps (dataset b). d, ∆t = 20 ps. e, ∆t = 300 ps (dataset b). f, ∆t = 300 ps (dataset a). g, ∆t = 8 μs. All seven maps are contoured at ±3.0σ. Blue, positive difference electron density; gold, negative difference electron density). h, i, Principal components from the SVD analysis of difference Fourier electron density maps for the first four time points, ∆t = 1 ps, 5 ps (dataset a), 5 ps (dataset b) and 20 ps (h) and the final three time points, ∆t = 300 ps (dataset a), 300 ps (dataset b) and 8 μs (i). SVD difference Fourier maps are contoured at ±3.2σ. Peak heights listed in Extended Data Table 2 are indicated in i. j, Simulated difference Fourier electron density maps near QA calculated from the refined structure for ∆t = 300 ps (dataset a) versus the refined resting state structure. Data are cut at a resolution of 2.8 Å for comparison with experimental data. The simulated map is contoured at ±12.0σ.


Extended Data Fig. 6 Results of QM/MM energy-minimization calculations.
a–c, QM subsystems used in the QM/MM optimizations of the cofactors. Atoms included in the QM region are shown in ball-and-stick representation; the other atoms of the protein are shown as cartoons. Atoms belonging to the cofactor that are not included in the QM region are shown as sticks. Water molecules that are not part of the QM region are not shown. a, Atoms included in the QM region associated with the SP. b, Atoms included in the QM region associated with the BPhL. c, Atoms included in the QM region associated with the QA. d, Structure of the energy-minimized resting conformation (black, SP and BPhL neutral) and structure after the first electron-transfer step (blue, SP+ and BPhL−) shown near the special pair. e, Structure of the energy-minimized resting conformation (black, SP and BPhL neutral) and structure after the first electron-transfer step (blue, SP+ and BPhL−) shown near BPhL. f, Structure of the energy-minimized resting conformation (black, SP and QA neutral) and structure after the second electron-transfer step (blue, SP+ and QA−) shown near QA. The hydrogen-bond between O1 of the reduced semiquinone and Nδ1 of His217M is predicted to be shortened by 0.17 Å when menaquinone is reduced. g, h, Schematic depiction of the potential energy surfaces for menaquinone in vacuum (g) and within the protein (h) in the resting (neutral) electronic state (black) and the reduced electronic state (red). Vertical electron affinities (VEA), adiabatic electron affinities (AEA) and relaxation energies Er were computed at the PBE0-D3/LANL2DZ level of DFT for isolated QA and at the PBE0-D3/LANL2DZ/Amber03 QM/MM level for QA within the protein.


Extended Data Fig. 7 Recurring movements of Cα atoms quantified by structural refinement.
Recurring movements of Cα atoms quantified by full-occupancy structural refinement against 100 randomly resampled TR-SFX datasets. Recurring movements are represented as error-weighted mean ratios relative to 100 control structural refinements (Methods). Error-weighted means ratios are coloured from grey (<80% of the maximum ratio) to red (≥95% of the maximum ratio). a, Recurring movements of Cα atoms associated with refinements against data for ∆t = 1 ps. b, Recurring movements of Cα atoms for ∆t = 5 ps (dataset a). c, Recurring movements of Cα atoms for ∆t = 5 ps (dataset b). d, Recurring movements of Cα atoms for ∆t = 20 ps. e, Recurring movements of Cα atoms for ∆t = 300 ps (dataset b). f, Recurring movements of Cα atoms for ∆t = 300 ps (dataset a). g, Recurring movements of Cα atoms for ∆t = 8 μs. Transmembrane helices are drawn as rods.


Extended Data Table 1 Crystallographic data and refinement statisticsFull size table


Extended Data Table 2 Difference Fourier electron density peak amplitudesFull size table


Extended Data Table 3 Two-sample t-tests of integrated electron density amplitudesFull size table





Supplementary information
Reporting Summary

Video 1
Light-induced electron density changes in RCvir at the site of photo-oxidation. The video initially shows the principal component resulting from SVD analysis of the Fo(light) − Fo(dark) isomorphous difference Fourier electron density maps of the first four measurements (∆t = 1ps, 5 ps (a), 5 ps (b), 20 ps) and is followed by the principal component resulting from SVD analysis of the last three measurements (∆t = 300 ps (a), 300 ps (b), 8 µs). The viewer’s orientation rotates about the special pair. Difference electron density maps are contoured at ± 3.0 σ (blue positive density, gold negative density).


Video 2
Light-induced electron density changes in RCvir within the menaquinone binding pocket. The video initially shows the principal component resulting from SVD analysis of the Fo(light) − Fo(dark) isomorphous difference Fourier electron density maps of the first four measurements (∆t = 1ps, 5 ps (a), 5 ps (b), 20 ps) and is followed by the principal component resulting from SVD analysis of the last three measurements (∆t = 300 ps (a), 300 ps (b), 8 µs). The viewer’s orientation rotates about the menaquinone. Difference electron density maps are contoured at ± 3.0 σ (blue positive density, gold negative density).


Video 3
Light-induced movements of the Cα atoms of RCvir. Colour is used to illustrate the recurring movements of RCvir Cα atoms quantified by full occupancy structural refinement against 100 randomly resampled TR-SFX data sets. White indicates no significant movement whereas red indicates recurring light-induced movements of Cα atoms. The video initially shows structural changes for ∆t = 1 ps, then structural changes for ∆t = 5 ps, and finally structural changes for ∆t = 300 ps. Transmembrane α-helices are drawn as rods whereas all other regions are represented as ribbons.


Supplementary Video 4
Predicted movements of Cα atoms as electrons move between cofactors. Colour is used to illustrate the magnitude of RCvir Cα movements estimated from QM/MM energy minimization. White indicates no significant movement whereas red indicates electron transfer induced movements. The video initially shows structural changes when SP is photo-excited, then structural changes as an electron moves from SP to BPhL, and finally structural changes as an electron moves further to QA. Transmembrane α-helices are drawn as rods whereas all other regions are represented as ribbons.





Source data
Source Data Fig. 2

Source Data Extended Data Fig. 3
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