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Abstract

:

Structural information on protein dynamics is a critical factor in fully understanding the protein functions. Pump-probe time-resolved serial femtosecond crystallography (TR-SFX) is a recently established technique for visualizing the structural changes or reactions in proteins that are at work with high spatial and temporal resolution. In the pump-probe method, protein microcrystals are continuously delivered from an injector and exposed to an X-ray free-electron laser (XFEL) pulse after a trigger to initiate a reaction, such as light, chemicals, temperature, and electric field, which affords the structural snapshots of intermediates that occur in the protein. We are in the process of developing the device and techniques for pump-probe TR-SFX while using XFEL produced at SPring-8 Angstrom Compact Free-Electron Laser (SACLA). In this paper, we described our current development details and data collection strategies for the optical pump X-ray probe TR-SFX experiment at SACLA and then reported the techniques of in crystallo TR spectroscopy, which is useful in clarifying the nature of reaction that takes place in crystals in advance.
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1. Introduction


X-ray crystallography is a powerful tool for determining the protein structure at high spatial resolution. To date, atomic structural information has been valuable in elucidating the mechanisms and designing pharmaceuticals, because of the close relation between the tertiary structure of proteins and their functions. In general, the tertiary structure of proteins at work changes from the initial structure before a reaction; however, it remains a challenge that conventional X-ray crystallography captures protein dynamic structures. The Laue method with polychromatic synchrotron X-rays [1] or cryotrapping to capture intermediates at cryogenic temperatures has so far been used to observe the active state in which a protein functions. Nevertheless, there is a limit for which samples can be applied to the Laue method due to technical difficulties. For instance, there is a tendency for crystals to suffer from radiation damage that is caused by X-rays from synchrotron radiation sources, which results in artificial structural changes in proteins. Moreover, protein reactions may proceed, even at cryogenic temperatures, and cause changes that vary from time-dependent changes upon a reaction initiator, such as photoexcitation. Indeed, the determination of protein dynamic structures at atomic resolution has been one of the hefty challenges in structural biology for quite a long time.



X-ray free-electron lasers (XFELs) produce intense, ultrashort pulses; as such, XFELs have enabled room-temperature protein structure determination via diffraction patterns from microcrystals before any manifestation of radiation damage [2]. Furthermore, these femtosecond X-ray pulses from XFEL can capture rapid structural changes in proteins to allow for the visualization of the dynamic process in proteins at atomic resolution. Hence, serial femtosecond crystallography (SFX) is a recently established method for protein structure determination by XFEL [3,4]. In SFX, the microcrystals are continuously delivered into an intersection point with an XFEL beam, because the preceding XFEL pulse destroys the samples. Subsequently, intense X-ray pulses afford still diffraction patterns from randomly oriented microcrystals, which results in a protein tertiary structure in a condition close to physiological temperature.



In Japan, the SPring-8 Angstrom Compact Free-Electron Laser (SACLA) started user operations in 2012 [5] after the Linac Coherent Light Source (LCLS) in the USA [6]. A consortium of researchers from structure biology, physics, engineering, and XFEL science was organized in 2012 for an SFX project named “Rapid Structure Determination System for Drug-target Proteins Using the X-ray Free Electron Laser” that was directed by Prof. So Iwata under the X-ray Free-Electron Laser Priority Strategy Program of the Ministry of Education, Culture, Sports, Science & Technology in Japan (MEXT). The project established the foundation of devices and techniques for SFX at SACLA for the first five years. This foundation has also led to the development of a setup for pump-probe time-resolved serial femtosecond crystallography (TR-SFX), which uses a pump laser pulse to trigger reactions. In 2015, the first experiment of pump-probe TR-SFX at SACLA was conducted while using a light-driven proton pump, bacteriorhodopsin (bR), and, in early 2016, we succeeded in observing the structural changes in bR during proton transfer at thirteen-time points from nanoseconds to milliseconds subsequent to light excitation while using a pump laser [7]. The result was the first three-dimensional movie of large structural changes throughout a protein, which reveals how such structural changes in bR achieve unidirectional proton transport across the membrane. Pump-probe TR-SFX techniques have been further applied to various proteins, including photosystem II (PSII), which is a huge membrane-protein complex that catalyzes light-driven water oxidation at its catalytic center [8]. Suga and coworkers achieved an observation of structural changes in PSII induced by two-flash illumination, which provided insight into the mechanism of the O=O bond formation in the catalytic center. Additionally, we conducted the first successful TR-SFX study while using a caged compound to capture the enzymatic reaction in a fungal NO reductase [9].



Here, we introduce the device development and data collection strategy for the pump-probe TR-SFX experiments at SACLA. We also describe in crystallo TR spectroscopy to assess the structural dynamics in the crystalline phase, which should be performed before conducting TR-SFX. Our data collection strategy helps to efficiently acquire good data of TR-SFX during the limited beamtime of XFEL.




2. Pump-Probe Time-Resolved SFX Experiments


The pump-probe technique for TR-SFX has been well established for the past five years. Here, optical pulses (“pump”) illuminate a continuous flow of protein microcrystals, followed by the XFEL pulses (“probe”) illuminating with various delay times to obtain time-resolved (TR) diffraction images. The important applications of this technique include direct observations of structural changes in photosensitive proteins. In general, relatively large movements in a protein, such as helix movements, occur in microsecond- and millisecond-timescales, while local motions in a protein, such as photoisomerization of a chromophore, proceed on the ultrashort timescale of femtoseconds to picoseconds [10].



The first experiment of time-resolved SFX was conducted in 2012 while using an optical pump laser that was synchronized with an XFEL of the LCLS to obtain X-ray diffraction images from the photoactivated state of a large membrane-protein complex [11]. In this experiment, photosystem I-ferredoxin co-crystals that were flowing in a liquid jet were irradiated with the optical pump laser and then shot by the XFEL, which resulted in light-induced changes at time delays of 5 to 10 µs. The combination of the liquid jet sample injector and an optical pump laser was also used for the early time-resolved SFX studies (photoactive yellow protein [12,13], myoglobin [14]). For instance, the trans-to-cis isomerization of the chromophore in photoactive yellow protein (PYP) was observed to arise at approximately a 590-fs time delay after photoexcitation [13], and the displacement of side chains in the chromophore pocket in PYP was observed to occur at a 1-µs time delay [12]. These studies were performed at the Coherent X-ray Imaging (CXI) beamline of the LCLS [15], where the sample was delivered to an X-ray interaction point by a liquid jet injector in a vacuum chamber that was installed at the CXI. Data collection in a vacuum has the advantage of low background noise, as well as the avoidance of X-ray attenuation; however, evaporative cooling might cause temperature changes on a sample stream. Moreover, a vacuum environment offers less flexibility when installing devices, such as optics for a pump laser or a sample injector.



Meanwhile, a helium chamber was introduced for the SFX experiments at the beginning of user operation at SACLA [16]. Sample delivery in SFX requires a thin stream with a high density of microcrystals to ensure a high hit rate; however, it is prone to clogging the nozzle of an injector. A helium atmosphere environment allows for the easy replacement of an injector and provides more flexibility in setting devices when compared to a vacuum environment, thus facilitating SFX data collection [17]. This experimental setup (Diverse Application Platform for Hard X-ray diffractioN In SACLA (DAPHNIS)), which consists of a helium chamber, a detector, an injector manipulator, and microscopes for the alignment of sample position, has been used for SFX experiments since 2013 [16]. In 2015, a new design of an experimental setup for pump-probe TR-SFX was adopted for achieving a high photoexcitation efficiency of samples and facilitating data collection. Figure 1 shows the recent setup for TR-SFX [18], which is composed of a pump-laser system, an injector manipulator, microscopes, and a multi-port readout charge-coupled device detector [19]. A nanosecond pump laser is incorporated into the setup to capture relatively large movements in proteins that occur at a delay time that is slower than nanoseconds. A pump-laser beam is divided into two arms while using a 50:50 beamsplitter, and each branch is fed into an optical fiber and then delivered near a sample stream. Each output beam from an optical fiber is collimated while using a fiber-coupled collimator and focused on a sample stream using an objective lens. The double-beam delivery system enables the illumination of protein crystals from two directions to enhance the excitation efficiency. Furthermore, optical fibers facilitate the pump beams’ alignment procedure, because the pump beam paths from the laser to fiber inputs and from fiber outputs to the objective lenses are normally fixed. Two-types of pump-laser systems are currently available: an optical parametric oscillator (OPO) providing >1 mJ, 6 ns pulses at a wavelength that is tunable from 300 to 2000 nm with a repetition rate of up to 30 Hz (NT230, EKSPLA) and an Nd:YAG laser that delivers 12 mJ, 5 ns pulses at 532 nm with a repetition rate up to 15 Hz (Minilite-I, Continuum). The focal size of the pump beams is changeable from 20 μm (FWHM) to 250 μm (top-hat), depending on fiber core size (50–400 μm). The pump beam can be spatially aligned with the XFEL beam while using XYZ stages controllable from outside of the experimental hutch. The pump laser is synchronized with the XFEL via a pulse generator (DG645, Stanford Research Systems), which can be used to easily adjust the delay time between the pump and XFEL pulses. The timing jitter is <1 ns when the delay time is set to <16.7 ms. When considering the pulse duration (6 ns) of the OPO laser, the time resolution is <7 ns. It should be noted that the timing jitter is approximately 0.1 ms for the delay time longer than 16.7 ms.



A helium gas flow path, where a focused XFEL beam passes through, is introduced between the beamline exit and the sample position to reduce background noise from air scattering. Limited spaces around the sample cannot afford the use of a helium chamber. A sample is ejected from an injector that was mounted on a motorized manipulator and it is delivered to an XFEL focal point. A high-viscosity sample injector for ejecting viscous samples [20,21], such as crystals embedded in lipidic cubic phase (LCP) [22], is mainly used for the sample injection. Although a liquid jet injector, such as a gas dynamic virtual nozzle [23], is also applicable for sample delivery in pump-probe SFX, the available delay time is limited to within several microseconds, because the microcrystals that are illuminated by a pump laser flow down away from the intersection point with XFEL, basically due to its fast sample speed (approx.10 m/s). A high-viscous sample can be delivered with a slow speed (approx. 10 mm/s), stretching the maximum delay to several tenths of ms, to overcome this problem. However, there are concerns regarding the instability of a high-viscous sample flow, which might cause inaccuracy in the delay time or multiple sample illumination.



In 2015, the developed setup for pump-probe TR-SFX was first demonstrated while using bR, which yields high quality microcrystals in LCP, with the Nd:YAG laser at a delay time (Δt) of 250 μs after photoactivation to provide clear difference Fourier maps. After several experiments, the TR-SFX data were collected from the bR microcrystals after photoactivation for Δt = 16 ns, 40 ns, 110 ns, 290 ns, 760 ns, 2 μs, 5.25 μs, 13.8 μs, 36.2 μs, 95.2 μs, 250 μs, 657 μs, and 1.725 ms at 2.1 angstrom resolution to provide 13 structural snapshots of conformational changes during proton transfer [7]. In the experiments, monoolein and paraffin oil were added into the bR microcrystals that were embedded in LCP before measurement to keep a stable flow from the highly viscous sample injector. In fact, the high-viscous mixture streams were recorded while using a high-speed camera to prove that the speed was stable (Figure 2). Moreover, Nogly et al. reported the viability of TR-SFX while using the LCP injector [20], with bR microcrystals in LCP at the beamline of the CXI at LCLS [24].



Other highly viscous carriers, such as grease [25] or hydroxyethyl cellulose [26], were also available for sample delivery in TR-SFX. The structural changes in PSII induced by two-flash illumination were observed at a resolution of 2.35 Å while using the setup for TR-SFX at SACLA [8]. In this study, PSII microcrystals that were grown by a batch method were mixed with grease and injected by the high-viscosity sample injector. A hydroxyethyl cellulose matrix served for the TR-SFX of nitric oxide reductase (P450nor) with a caged substrate to capture the intermediate structures of the enzyme [9]. As such, this result defined the first successful experiment of TR-SFX while using a caged compound that releases a substrate by ultraviolet pump illumination at 308 nm.



Recently, not only the optical-fiber-based setup, but also different setups for the pump-probe experiments, have been developed. For instance, the femtosecond laser system [27] can be introduced into the pump-probe setup without optical fibers to trigger ultrafast reactions. For anaerobic samples, the DAPHNIS setup allows for sample injection in the helium chamber and illumination by a pump-laser pulse from one direction without using optical fibers. Additionally, a droplet injector generating pulsed droplets can be used for sample injection in pump-probe TR-SFX with smaller sample consumption than those with a liquid jet [28].




3. In Crystallo TR Ultraviolet-Visible Spectroscopy


The rate-limiting steps of protein reactions and, thus, the rates of intermediate formation and decomposition, generally depend on experimental conditions, such as temperature, pH, pressure, and solvent viscosity, among others. As such, the kinetics and detectable reaction intermediates in the crystalline phase are not necessarily identical to those in the solution phase. In this case, TR spectroscopy is useful in the evaluation of the in crystallo reaction kinetics. Thus, we performed TR visible absorption spectroscopy for bR microcrystals in the study of bR, which was key to the success of pump-probe TR-SFX.



Details of the visible microspectrometer were described previously [7,9]. In brief, the nanosecond, 532-nm pulse from an Nd:YAG laser (Minilite-I, Continuum) and the microsecond, white light pulse from a Xe-flash lamp were used as the pump and probe pulses, and they were both focused on the sample with Ø300 and Ø100 µm, respectively. The slurries of protein microcrystals were packed with a carrier medium (LCP in the case of bR) between two quartz windows with a 100-µm spacer and were then placed at the probe focal point. It should be noted that the microcrystal size of bR (typically, 20 µm) was smaller than the probe focal size, so that microcrystal ensembles, containing multiple microcrystals with random orientations, were measured. The sample cell temperature was kept at 20 °C with a water-cooled chiller.



Figure 3 shows the microsecond-TR visible absorption spectra of bR in the solution and the microcrystal upon photoexcitation at 532 nm. The figure illustrated the difference spectra, which were constructed by subtracting the dark state (bR570) spectrum from each TR spectrum. Here, the negative difference signal arose from bR570. The TR spectra of bR solution showed K590, L550, M412, and O640 intermediates in the photocycle, as previously reported [29]. The N560 intermediate did not significantly accumulate under the condition used (pH 5.5) [30]. The TR spectra of bR microcrystal showed no red-shifted peaks corresponding to K590 and O640. The global fitting analysis revealed that, in the microcrystal, L550 appeared within the current time resolution (<1 µs) and it was converted to M412 with a half-life time of 15 µs [7]; bR570 was then recovered with a half-life time of 8 ms, without the accumulation of O640, probably because the crystal packing affected the rate-limiting step of the reaction. However, it is known that an initial proton pump step after the retinal photoexcitation occurred during the transition of L550 to M412, accompanied by deprotonation of the retinal. Therefore, L550 and M412, as well as early K590 (<1 µs), were focused on in the TR-SFX experiment based on the TR spectroscopic results. These spectroscopic results on bR microcrystals underline the fact that TR-SFX should be used in combination with in crystallo TR spectroscopy. So far, in crystallo TR X-ray emission spectroscopy [31] and in crystallo TR-IR spectroscopy [32] have also been successfully combined to TR-SFX. Such combinatorial use of various TR spectroscopies, including Raman scattering, fluorescence, electron spin resonance, and so on, should be increasingly applied.




4. Data Collection Strategy for Pump-Probe TR-SFX Using a Highly Viscous Sample


In the following section, the experimental protocol of pump-probe TR-SFX while using our optical-fiber-based setup with the OPO pump-laser system will be described, which might aid in efficiently conducting TR-SFX experiments. We first focused on the technical matters on pump illumination, such as the pump pulse energy, pump pulse repetition rate, pump focal size, and the sample flow rate, as the actual experimental design and conditions, particularly pump illumination conditions, may be challenging to establish.



In crystallo TR spectroscopy should ideally determine the pump pulse energy at the sample point prior to TR-SFX experiments. In the TR-SFX study of bR, the pump energy was 4 µJ (2 µJ from each direction) with a Ø40-µm (FWHM) focal size, which was sufficient for the photoexcitation of the retinal in bR and it was below the threshold of sample damage by the pump pulse illumination. So far, the pump pulse energy used for TR-SFX was a few nJ/µm2 or less [7,8,9].



The pump pulse repetition rate is adjustable to be sub-multiple of 30 Hz, which is the XFEL repetition rate at SACLA. Normally, the pump pulse repetition rate is chosen to be 10 or 15 Hz. At a 15-Hz pump repetition rate, a diffraction pattern from a non-illuminated crystal (“Dark”) is obtained at 33.3 ms after a diffraction pattern from a pump-illuminated crystal (“Light”) is recorded. The “Dark” image is useful for the calculation of Fo(“Light”) − Fo(“Dark”) difference Fourier maps for capturing protein conformational changes. At a 10-Hz pump repetition rate, a “Light” image, followed by two “Dark” images (“Dark1” at 33.3 ms and “Dark2” at 66.6 ms after the pump illumination), are sequentially obtained. Here, it should be noted that the sample flow rate has to be fast enough to exchange pump-illuminated crystals with non-illuminated crystals within 33.3 or 66.6 ms for the 15- or 10-Hz pump repetition conditions, respectively, to obtain the “Dark” images. A detail of the suitable sample flow rate will be described later.



The pump focal size is adjustable from 20 to 250 µm, while using different core size optical fibers. The best pump focal size depends on delay times (Δt) of interest. Basically, for TR-SFX measurements with Δt < ~1 ms, the suitable pump focal size is about the diameter of the sample stream. However, for TR-SFX measurements with Δt > ~1 ms, the pump focal size should be larger because the pump-illuminated crystals move significantly downstream during the period of Δt. For example, the pump focal size was Ø40 µm in FWHM (Ø90 µm in full width) in the TR-SFX experiments for bR crystals with Δt < 1 ms (sample flow rate of 9.4 μm/1 ms) [7], whereas the pump focal size was set to be Ø250 µm in TR-SFX experiments of P450nor with Δt = 20 ms (sample flow rate of 4.6 µm/1 ms) [9], where pump-illuminated crystals move approximately 90 µm downstream within 20 ms. The large pump focal size of Ø250 µm allowed for crystals irradiation in the sample stream between the intersection point with XFEL and the position approximately 90-µm upstream from it, which ensured the integrity of ‘Light’ data collection without being influenced by the sample flow fluctuation. The stability of the sample speed would be required so that a pump-illuminated crystal can interact with XFEL after a certain delay time if the pump focal area was set to be well upstream and distant from the intersection point with XFEL. In TR-SFX of P450nor, the center of pump focal area was only aligned 45-μm upstream from the XFEL beam (3 × 3 μm2), to secure the interaction of illuminated crystals with XFEL (Figure 4).



The sample flow rate in pump-probe TR-SFX should be sufficiently fast for the “Dark” data collection to exchange the photoexcited crystals to the dark state crystals within 33.3 or 66.6 ms, while a sufficiently slow rate is needed for the “Light” data collection to ensure the interaction of the photoexcited crystals with an XFEL pulse. In the TR-SFX of bR experiments, the microcrystals in LCP were extruded at a flow rate of 2.5 µL/min. (9.4 μm/1 ms) from a nozzle of 75-μm internal diameter under the pump energy and size conditions that are mentioned above. Empirically, a sample flow rate of 5–10 μm/1 ms might be a good first choice for the design of more detailed experimental conditions. It should be noted that the pump-light scattering from the sample stream could pre-excite the sample being upstream. Therefore, care should be taken on the “Dark” data collection. A sample flow rate of >10 μm/1 ms might be needed, depending on the pump pulse energy and focal size. A 10-Hz pump repetition condition is a better choice than a 15-Hz condition in terms of the “Dark” data collection. The 10-Hz condition provides a sample exchange time of 66.6 ms, which is twice as long as the 15 Hz condition (33.3 ms). Thus, the sample flow rate can be reduced for the 10-Hz condition, which is twice as slow as for the 15-Hz condition.



With the above technical points in mind, in the XFEL beamtime, we performed the pump-probe TR-SFX according to the following protocol:




	
The data processing pipeline [33], which was based on Cheetah [34], was used for real-time feedback during the beamtime, hit finding, and sorting of “Light” and “Dark” images. In the pump-laser setup, a portion of the pump beam (~5%) was picked off and its intensity signal that was detected by a photodiode was used to tag the image as “Light”.



	
Protein microcrystals that were embedded in the carrier media were injected to the X-ray beam interaction point while using the high-viscosity sample injector [21]. The stability of the sample streams was essential for pump-probe TR-SFX experiments, because the pump-illuminated crystals must be exchanged with the fresh ones before the “Dark” data collection.



	
The injector height was aligned by using the sample stage (Z direction), so that the injector bottom was distant to the XFEL focal point by 300 µm. The monitor image of Microscope 1 was helpful (Figure 1) for the alignment.



	
The sample stream was aligned to the XFEL focal point by using the sample stage (X direction). The monitor image of Microscope 1 was also helpful for this alignment. The hit rate was maximized in the best alignment.



	
The sample stream was aligned to the pump focal area by using the sample stage (Y direction). The monitor image of Microscope 2 was helpful in this alignment (Figure 1). In the best alignment, the pump-light scattering from the sample stream was maximized.



	
The delay time (Δt) between the pump and XFEL pulses, which is controlled by a pulse generator (DG645, Stanford Research Systems), was set. The timing jitter for Δt < 16.7 ms was <1 ns, but it was approximately 0.1 ms for Δt > 16.7 ms at SACLA.



	
Diffraction images were collected: typically, the hit rate of highly viscous samples is 20–30% by adjusting the crystal density to avoid multiple hits. 10,000–15,000 diffraction patterns are collected as hit “Light” images in an hour in the case of the 15-Hz pump laser condition. Given the typical indexing rate of 60–70%, 6000–10,000 indexed images are obtained in an hour. Because ~20,000 indexed images are needed to clearly visualize the differences between “Light” and “Dark”, one dataset takes 3–4 h, including the time for sample replenishment.



	
Measurement was repeated by using different values of Δt to afford a molecular movie.









5. Conclusions


We reviewed the historical background of pump-probe TR-SFX and the development of an optical-fiber-based setup for nanosecond pump-probe TR-SFX. The setup, which can provide various pump wavelengths from UV to near-IR, is simple and easy-to-operate and, thus, allows for users to collect as much data as possible in limited beamtime. These were the reasons why it has been applied to various samples to provide new insights into understanding protein functions. However, cautious attention is required for the pump pulse energy, pump pulse repetition rate, pump focal size, and the sample flow rate, according to the appropriate experimental procedure, to obtain interpretable difference maps from pump-probe TR-SFX. Particularly, in crystallo TR spectroscopy serves to determine the pump pulse energy for photoexcitation. Moreover, the TR spectroscopy yields information regarding the reaction intermediates and timing in which the reaction occurs in crystals.
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Figure 1. (a) Arrangement for pump-probe time-resolved serial femtosecond crystallography (TR-SFX) experiments using a nanosecond laser. An enlarged view around the sample interaction point is shown in (b). 
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Figure 2. Jet speed measurements using high-speed imaging. (a) The photograph shows lipidic cubic phase (LCP) extrusion using the high-viscosity sample injector [21]. (b) Time course of LCP extrusion speed. Bacteriorhodopsin crystals embedded in the monoolein-based LCP were used for high-speed camera testing. The sample stream was recorded at 2000 flames per second using a high-speed camera (FASTCAM SA-Z). Three data points from each period of high-speed camera video (0.5 s of recording every 60 s) were plotted. The horizontal dotted line indicates that the target extrusion speed set via the high-performance liquid chromatography (HPLC) pump. Experimental condition: The sample, which was prepared according to the previous method [7], was extruded at a flow rate of 2.8 μL/min as setting value of the HPLC pump from the nozzle with an inner diameter of 75 μm using the high-viscosity injector [21]. A nitrogen sheath gas supplied from the outer nozzle of the injector was set to a flow rate of 0.7–1.0 L/min. 
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Figure 3. Time-resolved (TR) UV-visible spectra of bR in (a) a solution and (b) a microcrystal. 
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Figure 4. Spatial alignment of the pump-illuminated area. 
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