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            Abstract
We describe a method to measure ultrafast protein structural changes using time-resolved wide-angle X-ray scattering at an X-ray free-electron laser. We demonstrated this approach using multiphoton excitation of the Blastochloris viridis photosynthetic reaction center, observing an ultrafast global conformational change that arises within picoseconds and precedes the propagation of heat through the protein. This provides direct structural evidence for a 'protein quake': the hypothesis that proteins rapidly dissipate energy through quake-like structural motions.
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                    Figure 1: Time-dependent changes in WAXS data recorded from detergent-solubilized samples of RCvir.


Figure 2: MD simulations of the flow of heat throughout the system.


Figure 3: Structural analysis of the protein conformational changes.
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Integrated supplementary information

Supplementary Figure 1 Structure of the B. viridis photosynthetic reaction center.
RCvir consists of transmembrane subunits L and M that support a special pair of bacteriochlorophylls (P960), two monomeric bacteriochlorophylls (BCh), two bacteriopheophytins molecules (BPh), a tightly bound menaquinone (QA) and a mobile quinone (QB) arranged around an axis of two-fold pseudo-symmetry. RCvir is capped from the cytoplasm by the H-subunit and from the periplasm by the tetraheme containing C-subunit. Photo-oxidation of P960 causes an electron to move to QB on the opposite side of the membrane (red arrow) whereupon P960+ is reduced from the heme groups of the C-subunit. A second photo-oxidation reaction causes the QB- semiquinone to be fully reduced to quinol, protonated from the cytoplasm and released into the membrane. Blue lines indicate approximate membrane boundaries. In this work multi-photon excitation was used, resulting in the rapid heating of the BCh cofactors and the single-photon electron transfer scheme above does not necessarily apply.


Supplementary Figure 2 Absorption spectra from detergent-solubilized RCvir before and after exposure to a single 800-nm femotsecond laser pulse.
RCvir samples were exposed to a pump laser of 500 fs in duration tuned to a fluence of 4.4 mJ mm-2 per pulse and operated at a repetition rate of 1 kHz. Samples were passed through a 300 μm quartz capillary and diluted to achieve OD800 nm = 1 through this capillary. The capillary was placed in the focus of the fs laser beam. The rate of flow of the sample through the quartz capillary was chosen so that each and every sample volume was exposed once, and only once, to the 800 nm pulse. Samples were collected and steady-state spectra (shown) were taking after the sample was loaded into a 10 mm path length cuvette and diluted 200 fold. The red line shows absorption spectra recorded from samples exposed to the fs laser, whereas the black line corresponds to samples that were not exposed. These spectra are averaged over three repeats.


Supplementary Figure 3 Changes in WAXS difference spectra due to structural changes in membrane proteins.
Comparison of the protein difference WAXS basis spectrum for RCvir (C2 of Fig. 1d, blue) with two basis spectra recorded using TR-WAXS studies of bacteriorhodopsin (bR): magenta, the basis spectrum arising from bR with a time-constant of 22 μs; green the basis spectrum arising from bR with a time-constant of 1.9 ms; blue, the basis spectrum arising from RCvir with a half rise of 1.4 ps. The two bR basis spectra have been arbitrarily scaled to assist comparison with the RCvir basis spectrum.


Supplementary Figure 4 Changes in WAXS spectra from detergent-solubilized RCvir due to heating.
(a) Temperature dependence of ΔS(q) measured by continuously heating the sample when held in a capillary at a synchrotron radiation source. The inset (0.2 Å-1 ≤ q ≤ 0.8 Å-1) illustrates that the oscillatory features observed in ultrafast time-resolved WAXS data (Fig. 1) do not arise when continuously heating the sample. The temperature changes used for these measurements were 5 °C (blue; also inset); 10 °C (green); 15 °C (magenta) and 20 °C (light blue). (b) Measurements of ΔS(q,Δt) recorded using 100 ps X-ray pulses of synchrotron radiation for the time delays Δt = 280 ps and Δt = 1 μs. (c) Overlay of the ΔS(q, Δt = 280 ps) from XFEL data (green) with ΔS(q) corresponding to a 7 °C temperature change (blue). The blue curve was recovered by interpolating the data in a and simulating random fluctuations in the background associated with XFEL data (Online Methods).


Supplementary Figure 5 Time-dependent linear amplitudes of the WAXS basis spectra extracted by spectral decomposition.
(a) Time dependence of the ultrafast (C1) component. (b) Time dependence of the protein (C2) component. (c) Time dependence of the non-equilibrated heating (C3) component. (d) Time dependence of the equilibrated heating (C4) component. Linear amplitudes of these components are shown as blue stars and the time dependent amplitudes used for spectral decomposition are shown as continuous lines. Colors chosen to be consistent with Fig. 1.


Supplementary Figure 6 Recurring movements extracted from an ensemble-average approach to structural fitting against the experimental C2 basis spectrum.
Bottom left: Matrix representation of the average internal distance changes calculated on Cα atoms, Avg([ΔCα]ij), divided by the standard deviation of these changes, [σ(ΔCα)]ij. This matrix was calculated from an ensemble of 720 best fits identified by χ2 minimization against the protein difference WAXS component C2. Top right: Recurring movements, defined as Avg([ΔCα]ij) ≥ 0.9 × [σ(ΔCα)]ij relative to at least 20 other Cα atoms (Online Methods). Only changes corresponding to movements of Cα atoms away from each other ([ΔCα]ij > 0) were classified as recurring, with no inwards movements ([ΔCα]ij < 0) noted above this threshold. All of these movements are associated with the TM helices of subunits H, L and M and are represented as orange spheres on the atomic coordinates in Fig. 3C.





Supplementary information
Supplementary Text and Figures
Supplementary Figures 1–6 (PDF 1202 kb)


Animation of the structural information presented in Fig. 3c.
This video illustrates reoccurring light induced movements in RCvir extracted using ensemble average fitting against the TR-WAXS basis spectrum C2 (Fig. 3b). Orange spheres represent Cα atoms that move away from at least 20 other Cα atoms. These Cα atoms all lie within the TM domain of RCvir and therefore correspond to a light-induced expansion of the protein's TM domain. (MPG 18683 kb)


Animation of the light induced global conformational change in RCvir.
This video illustrates movements extracted using ensemble average fitting against the TR-WAXS basis spectrum C2 (Fig. 3b). This movie was created by morphing between structures calculated by averaging over an ensemble of photo-excited and resting state structures selected by pair-wise χ2 fitting against the C2 basis spectrum (Fig. 3b). These movements have been exaggerated four fold to better illustrate the nature of the average motion. Although this animation summarizes the structural model derived from an ensemble analysis, it should not be taken to represent a unique structural model for the conformation adopted by RCvir a few picoseconds after photoactivation. It is possible that other low-resolution models, not sampled within the photo-activated MD trajectories, could yield similar agreement to the experimental difference WAXS data. (MPG 308 kb)





Source data
Source data to Fig. 1

Source data to Fig. 2

Source data to Fig. 3
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