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Abstract

:

Serial crystallography is a rapidly developing method for the determination of the structure of biomolecules at room temperature at near-atomic resolution from an ensemble of small crystals. Numerous advances in detectors, data analysis pipelines, sample delivery methods, and crystallization protocols expand the scope of structural biology to understand the fundamental processes that take place in living cells. Many experimental strategies for serial crystallography are in use, depending on the type and sizes of the crystals or other needs of the experiment. Such strategies should ideally minimize the wastage of samples or beamtime without compromising experimental goals. This paper proposes a way to optimize beamtime utilization in serial crystallography experiments that use fixed-target sample delivery methods, such as chips. The strategy involves two key steps. Firstly, a fast raster scan of the chip is performed to determine the positions of the crystals based on their diffraction. Subsequently, a rotational series is collected at each identified crystal position, covering a narrow range of chip orientations. This approach enables the exclusion of empty positions during data acquisition, resulting in significant savings in beam time utilization and a reduced volume of measured data.
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1. Introduction


The 3D structures of proteins can be observed at the atomic scale by the method of X-ray crystallography. In macromolecular crystallography, the conventional approach involves acquiring diffraction patterns from a crystal while it undergoes rotation along one or more axes. The total tolerable X-ray exposure of the crystal is limited by the accumulation of damage to the protein structure by ionizing radiation [1,2]. Cryogenic cooling reduces the processes of radiolysis and extends the exposure that can be tolerated. However, such cooling may alter the macromolecular structure and prevent the ability to measure dynamic processes by time-resolved methods [3].



Recently, the method of serial crystallography (SX) has been developed at synchrotron radiation facilities and X-ray free-electron lasers (FELs) to overcome this limitation [3,4,5,6,7]. In contrast to the conventional rotation method, in SX, a large number of randomly oriented crystals are sequentially exposed to an X-ray beam, one at a time. This random orientation of crystals leads to the collection of numerous snapshot diffraction patterns to obtain a complete set of 3D structure factors in a stochastic manner. A notable advantage of serial crystallography is the ability to apply the full tolerable X-ray exposure to each individual crystal, as opposed to distributing it across a rotation series of a single crystal. This approach can avoid the need for cryogenic cooling. Serial crystallography conducted at synchrotron or free-electron laser (FEL) sources offers a powerful approach to unraveling the dynamics of structural fluctuations and investigating the mechanisms of macromolecules. By obtaining protein structures at multiple time points, this technique provides valuable insights into the dynamic behavior of biomolecules [8,9].



Various sample delivery systems have been employed or investigated for delivering micro- to nanoscale crystalline samples into the X-ray beam [10,11]. The choice of the most suitable sample delivery method depends on the experimental goals, the required environment, and the characteristics of the crystals (such as size or quantity). One class of methods generates a free jet of a liquid suspension of crystals [12,13] that flows continuously across the X-ray beam and a diffraction pattern is acquired at each X-ray pulse or exposure, whether the beam intersects a crystal or not. Variations include slowly flowing extrusions of crystals in a viscous medium [14] or transporting the suspension as drops applied to a moving tape [15].



A conceptually different approach is to deposit crystals onto a solid supporting membrane, which is then raster scanned in the X-ray beam [16]. These “fixed-target” sample delivery systems encompass patterned silicon chips [17,18,19,20,21,22,23] or plastic membranes [24,25,26]. This approach also facilitates on-the-chip crystallization [27], making it more suitable for fragile crystals that might otherwise suffer damage from injection-based methods. To mitigate potential crystal orientation biases, the support can be rotated within the X-ray beam. Data collection can be carried out either at room temperature with controlled humidity or at cryogenic temperatures. Some beamlines incorporate a robot to mount holders on the goniometer, eliminating the need to access the experimental hutch during the experiment.



Recent years have witnessed the development of several distinct fixed-target designs for serial crystallography. A class of these uses a thin membrane chip, made of silicon or silicon nitride, with periodic microscopic wells or pores [16,17,18,19,20,21] (Figure 1). When appropriately sized, pores may trap the crystals when excess mother liquor is removed via blotting [21], resulting in minimal background scattering in the diffraction pattern [20,22,23]. To prevent crystal dehydration, the chip is commonly sealed between two membranes or maintained in a humid environment, such as a stream of humidified gas. The former scheme is suitable for vacuum measurements, while the latter offers the advantage of lower background by avoiding the introduction of additional material into the X-ray beam.



An advantage of the fixed-target rastering approach, which we capitalize on in this work, is that it provides the possibility to measure every individual crystal, to efficiently utilize the protein and reduce sample consumption. This is beneficial for protein samples that are expensive to produce. Furthermore, if the positions of the crystals are known before data collection, it is possible to measure only at those positions and achieve efficient use of the X-ray beam. Moreover, each crystal small rotation series can be measured, which proves to be beneficial in mitigating the partiality problem [28]. As mentioned above, crystals can be placed into well-defined locations determined by the pore structure of the chip or found by inspection before the X-ray measurements no matter where they are located [19]. The primary challenge associated with loading crystals into pores or wells is that they, particularly larger crystals, may not always be confined to those specific positions and can be distributed anywhere on the chip. Additionally, smaller crystals that are smaller than the pore size might be lost during the blotting process. The measurement of crystal locations can be achieved in different ways: via UV tryptophan fluorescence imaging [29,30,31], UV-vis spectroscopy [19,32], second-order nonlinear imaging of chiral crystals (SONICC) [33], or even manually selecting crystals using an in-line visible microscope [20,34]. In the case of SONICC microscopy, it was found that microcrystal positions could be determined with a spatial resolution of approximately 2 µm with fast image acquisition times, in correlation with the crystal locations identified by raster scanning using an X-ray beam [33]. Using UV-vis spectroscopy to predetermine crystal locations in fixed-target room-temperature crystallography [19], an exceptional performance was demonstrated with a raw hit rate of nearly 100% and an effective indexing rate of approximately 50%. Unfortunately, all these methods have their limitations: SONICC has not been integrated at beamlines, optical auto-search of crystal positions may fail since the crystals have very different shapes and sizes, while manual centering requires a lot of concentration and user intervention.



To improve the data collection with fixed-target sample delivery we propose a two-stage scanning protocol for the chip: first, a fast fly scan (measuring during the movement) is made to find positions of the chip with diffracting crystals, followed by a mini-rotation series (scanning over 1–5 degrees) only at each of those found positions with crystals (Figure 2). In practice, it is implemented in the following way: the fly scan is performed with a low fluence X-ray beam and at the maximum scanning speed to limit the exposure and prevent damage to the crystals. The collected data are then analyzed to determine the positions of the chip at which the crystal diffraction was observed. A data analysis process is initiated in parallel after each row of the raster scan to provide results shortly after the full scan has finished. Then, at each scan position where crystal diffraction was detected (according to some criterion, such as the presence of a certain number of Bragg peaks), a rotation series is collected over a small range of angles while not exceeding the total tolerable dose. Such an approach speeds up the data collection and reduces the total data volume collected. Due to the fact that pre-scanning is performed in the same configuration as the actual data acquisition, the chances to miss some crystals or to scan non-crystalline samples are rather low.



Here, we present a proof of principle of this “smart” X-ray chip scanning by introducing the intermediate step of crystal localization into the CrystalControl software developed at the P11 beamline of the PETRA III synchrotron radiation facility in Hamburg, DESY.




2. Materials and Methods


For our demonstration experiments at the P11 beamline of the PETRA III synchrotron radiation facility, we used 4 × 10 mm2 silicon chips, manufactured by Suna Precision [18] (see Figure 1), covered by a suspension of lysozyme crystals.



2.1. Sample Preparation


The following protocol for sample crystallization was used [27]: hen egg white lysozyme was purchased from Sigma-Aldrich and dissolved in 50 mM sodium acetate pH 3.5 (140 mg/mL) and filtered through a 0.2 µm filter. A cold solution (4 °C) of 60 mg/mL lysozyme was mixed 1:1.5 with a prechilled (4 °C) precipitation solution (50 mM sodium acetate pH 3.5, 0.75 M sodium chloride, 30% ethylene glycol, 11.25% polyethylene glycol 400), adapted from Lieske et al., 2019. The mixture was incubated at 4 °C for 16 h and mixed at intervals using an Eppendorf Thermomixer C (1600 rpm for 30 s, every 5 min). Crystals ranging in size from 25 µm to 40 µm were obtained, with a mean size of 30 µm.




2.2. Experimental Setup and Data Collection


A micro-patterned silicon chip (Suna Precision, Hamburg, Germany) with a size of 4 × 10 mm2 was used as a fixed-target sample holder [18]. The silicon chip was perforated with a regular array of 25 µm square holes through which excess liquid can be blotted. The silicon chip holder has a cavity that serves as a mother liquor reservoir and provides an equilibrated humid environment for the sample during the measurements. Lysozyme crystals were deposited on the chip and the excess reservoir solution was blotted through the chip holes with a tissue. A thin mylar foil sleeve was used to retain humidity and prevent the sample from drying out.



The chip was manually mounted on the goniometer using the standard magnetic mount. The alignment of the chip is performed using the in-line microscope to make sure that the center of rotation stays at the chip for any position within the scan. The diffraction measurements were carried out at a photon energy of 18 keV using an Eiger 2X 16M detector placed 155 mm behind the sample, and the beam was focused to a spot of 9 × 5 µm2. The flux of the unattenuated beam was 5 × 1012 ph/s.



The P11 goniometer and data acquisition process is controlled through a custom Python-based graphical user interface (GUI) called CrystalControl (CC) [35]. In addition to the conventional data acquisition modes for macromolecular crystallography (MX), this GUI offers various features specifically designed for micro-crystallography, such as a grid scanning capability. The grid can cover the entire chip or a specific area of interest (one region of interest per data collection). The user has the capability to draw a grid directly onto the image from the in-line microscope. Two modes for grid scans are implemented in CC: fly scan, where measurements are taken during the horizontal movement of the chip, and step scan, where the chip is first shifted to a position and then the measurement is performed. In our protocol, we implemented a two-step process for data collection. Firstly, we conducted a low-dose finder scan using the fly scan method. The obtained results from this finder scan were processed using the method described below to identify the positions on the grid where crystal diffraction was detected. Subsequently, we modified the step scan to sequentially visit the determined positions for actual data collection.



The maximum speed of the fly scan, used for hit finding, is ultimately limited by the detector frame rate of 133 Hz (7.5 ms exposure). In practice, the speed is often limited by the speed of the goniometer movement and, thus, large steps usually require a longer acquisition time, which is then coupled with a reduced beamline transmission. For example, with an exposure time of 40 ms, a step size of 50 µm, and 1% beamline transmission, this hit-finding scan delivered a dose of 1.3 kGy to each lysozyme crystal. In the fly scan mode, the measurements are performed at a fixed orientation of the chip.




2.3. Data Analysis


We used and compared two hit-finding algorithms, peakfinder8 [36] and Dozor [37]. Peakfinder8 finds frames with Bragg peaks by identifying regions in the diffraction pattern consisting of a specific number n of connected pixels (nmin ≤ n ≤ nmax) with intensity values above a threshold determined from the radially averaged background intensity. A pattern is considered a hit when the number of regions found, each exhibiting a sufficiently high signal-to-noise ratio, exceeds a predetermined minimum value of Npeaks. Each horizontal line of the grid during the fly scan is saved as a separate HDF5 file, so, as soon as the file was saved, the hit-finding analysis was started. To speed up the calculations, the processing of each scanned line was submitted as a job to the DESY Maxwell HPC Cluster (https://confluence.desy.de/display/IS/Maxwell, accessed on 1 August 2023). Since the Maxwell cluster contains many powerful nodes, this strategy performs hit-finding almost in real time.



The Dozor program [37] was also executed for each line separately on the dedicated P11 cluster. The algorithm for finding the Bragg peaks used in Dozor is quite similar to the one used in peakfinder8, with some differences in the statistics calculation and the implementation [37]. The hit-finding programs provide the positions of the substrate where the beam intersects crystals. A comparison of the crystal positions determined by the two programs is given in Figure 3. These co-ordinates were then saved, but the diffraction frames recorded during the fly scan could be ultimately discarded.



After the hit finding, the modified grid (excluding positions where no crystal diffraction was recorded) was loaded into the step scan. In a typical step scan, the chip was shifted to each occupied position of the grid, where a rotation mini-series was performed, consisting of 11 frames, 0.36 degrees/frame. The beamline transmission was set to 10% and the exposure per frame was 100 ms (an exposure 25 times larger than the initial scan). This measurement deposited a dose of 326 kGy, which can be considered tolerable [38].



The data collected using small rotation series at the positions of the found crystals were further processed using CrystFEL 0.10.1. The peakfinder8 algorithm was used for identifying the Bragg peaks with parameters: --min-snr=4, --threshold=5, --min-pix-count=2, --max-pix-count=20. We want to note here that the parameter “max-pix-count” helps to discard the Bragg peaks produced by the silicon chip. Detected “hits” were indexed using Xgandalf [39] and using --no-cell-combinations --no-check-peaks --muti options and integrated with –int-radius=2,4,6. Small rotational series of lysozyme from two experiments were scaled and merged into group 4/mmm using xsphere as the partiality model by executing the partialator in CrystFEL, using three iterations and -–push-res=1.0. Figures of merit (SNR, Completeness, Rsplit, and CC*) were calculated using compare_hkl and check_hkl, all part of the CrystFEL package, with --highres=2.0 --nshells=20 options. MTZ files for crystallographic data processing were generated from CrystFEL merged reflection datafiles using F2MTZ of the CCP4 program suite.



The structure refinement of processed data was performed with phenix.refine [40] (Phenix/1.20) with such parameters as xray_data.high_resolution=2.0 and xray_data.low_resolution=20, using 6FTR as the search model. The results are presented in the next section.





3. Results


To demonstrate the results of the proposed approach, three examples of scanned chips are shown in Figure 4. The images were recorded using the in-line microscope at the beamline, for which the magnification and position are calibrated relative to the scanning stage. In each case, the green rectangle was set to define the range of the finder scan, and the fly-scan parameters determine the number of rows and columns in the grid. The green circles show the locations of crystal diffraction hits. It is notable that these locations do not correlate with the positions of the square-shaped pores in the chips, nor with visible features that might be mistaken as crystals.



The speedup achieved through the proposed approach heavily relies on the concentration of crystals deposited on the chip. Comparing the fly scan to the step scan, the former proves to be significantly faster. For instance, a fly scan covering a 50 × 18 grid (900 positions) with a 40 ms exposure time and a 50 µm step completes in approximately 100 s. Out of this time, around 36 s are devoted to the actual data acquisition, while the remaining 1 min accounts for scan preparation, motor movement, and positioning. On the other hand, a step scan necessitates several seconds for positioning at each point, resulting in a scan with 900 points taking over 30 min. Scanning 545 preselected points with 11 frames per position took approximately 28 min. In addition, a step scan with 27 positions required only a few minutes to complete. This evident contrast highlights the immense advantage of investing some time in conducting a fast fly scan to determine the positions of the crystals.



To check if the positions of crystals on the chip were determined correctly, we performed the following test: the whole dataset measured during the low-dose fly scan was processed using CrystFEL [41] and the indexing results were compared to the result of processing a subset containing only hits found by the peakfinder8. In all cases, the indexing of the whole measured dataset led to the identical number of indexed crystals as the indexing of just the identified patterns. This suggests that measuring the positions where the crystals were not detected during the hit-finding step gives no additional information. The number of indexed crystals on several measured grids are presented in Table 1. Each grid consisted of 900 positions.



The last column of Table 1 lists the ratio of the total number of recorded frames to the number of indexable frames. It is clear that our approach offers significant advantages, both in terms of time saved during data recording and the amount of data saved.



As described above, after the determination of the positions of the crystals inside the grid, the mini-rotation series were collected at each position determined as a hit. Such a dataset can be treated as serial data using CrystFEL—in this case, the fact that each rotation series was measured from one crystal was not considered. Alternatively, one can try to process each series independently using, for example, XDS and merge the integrated reflections obtained for different positions. While the first method is simpler for users, the second method might give better results since it solves the partiality problem within each rotation series. The optimization of processing the mini-rotation series is outside the scope of this paper, so it will be discussed in later publications.



To demonstrate that the measured data can be used for structure determination, we have processed data collected during two different experiments. The datasets were treated with consistent parameters during processing of raw data and during structure refinement (see the Methods section for details). The resulting statistics are summarized in Table 2.



Parts of the reconstructed structures are presented in Figure 5. Visual inspection of obtained electron density maps from both datasets did not reveal any indication of radiation damage.




4. Discussion


X-ray serial protein crystallography is under continued and intense development as a method to determine the structures of proteins without the need for cryogenic cooling. Because of rapid developments in such areas as detectors, sample preparation protocols, sample delivery systems, and optics, new strategies for data collection have appeared. Of the two main types of sample delivery systems, fixed-target methods offer several advantages over jet injectors, including lower sample consumption, clog-free delivery, often lower background, and the ability to control crystal-on-chip density for optimal hit rates. This work is focused on the optimization of the measurement of crystals deposited on fixed-target supports (chips) using a two-step scanning mode: first, the chip is scanned at a low dose and high speed to determine the positions of crystals on the chip. Only these positions are subsequently measured as mini rotation series. The determination of the crystal positions is conducted during the first fly scan and a grid of interesting positions is formed automatically. Although the low-dose scan may miss some weakly diffracting crystals that could give measurable signals with higher exposure, these weak crystals are unlikely to contribute to the overall result, especially if well-diffracting crystals are found. In cases where the experiment is aimed at the measuring diffraction from small crystals (for example, for time-resolved measurements), we suggest using some other strategy (for example, a series of fly scans at different inclination angles of the chip).



A potential future improvement of the methods involves analyzing the fly scan data to accurately determine the centers of the detected crystals, especially if they are larger than the step size of the scan. By measuring each crystal at its center, more representative and comprehensive data can be obtained. Furthermore, an optimal strategy would be to adjust the size of the beam based on the detected crystal’s size, possibly by modifying the aperture. However, it is essential to consider that such improvements might require additional adjustments to the beamline hardware. Additionally, this approach might encounter difficulties when dealing with a high density of deposited crystals, where distinguishing individual crystal centers could become problematic.



In this paper, we acknowledge that the data processing of the mini-rotation using CrystFEL may not be optimal, as it disregards the additional information obtained from the rotation of the measured sample. As part of our future plans, we intend to enhance the pipeline by incorporating XDS along with XSCALE for processing the measured data. This modification aims to address the partiality problem and leverage the benefits of additional constraints provided by rotation. We intend to investigate the differences between the two methods in our future studies.



The method proposed in this study is versatile and applicable both at synchrotrons and laboratory sources. Using an attenuated beam, the method can be utilized at FELs for measurements of rapid dynamical processes, such as light-activated phenomena, in protein crystals. However, to address the partiality problem, the rotating increment has to be small (within the divergence and the bandwidth of the beam) due to the pulsed nature of the FELs. Additionally, it is worth noting that measuring using an attenuated beam of the FEL might not be the most optimal approach. Therefore, we recommend considering alternative measurement strategies for protein crystallography using FELs.



Optimizing the scanning process offers multiple benefits, including faster data collection and a reduction in data volume. By avoiding the collection of empty frames from crystal-lacking positions, unnecessary data are prevented from being stored, resulting in significant resource savings. In our tests, depending on the concentration of well-diffracted protein crystals on the chip, we were able to achieve storage savings ranging from 1.7 up to 33 times. The method exhibits its most significant improvement when the chip is loaded with only a few crystals, which is often the case for certain proteins that are particularly challenging to crystallize. In such instances, the proposed method becomes instrumental in maximizing the utilization of all available crystals, greatly enhancing the likelihood of successfully obtaining the structure of the measured protein.



The developed “smart” chip-scanning approach was implemented in a separate branch of the CrystalControl software at the P11 beamline and this approach can be easily integrated into the controlling software at other beamlines.
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Figure 1. A photo of used 4 × 10 mm2 silicon chips, manufactured by Suna Precision (https://www.suna-precision.com/products/serial-crystallography/silicon-chips, accessed on 1 August 2023). 
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Figure 2. The principle of the smart chip-scanning approach. First, an on-the-fly scan is performed to locate well-diffracting protein crystals and then mini-rotation series were measured at each detected crystal position. 
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Figure 3. The positions of detected protein crystals by peakdinder8 (pink) and Dozor (green). 
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Figure 4. Three examples of the grids after the hit finding. The squares are the holes in the chips and the numbered green circles show the positions at which the crystal diffraction was determined using the peakfinder8 algorithm. The red circle with the cross represents the current beam position. 
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Figure 5. Electron densities around the four disulfide bridges in the structures solved from two experiments: (A–D) 11013278 and (E–H) BT11013662. Blue mesh, 2Fo-Fc, 1.5 σ; green/red mesh, Fo-Fc, +/−3 σ; both carved at 1.6 Å around the depicted atoms. 
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Table 1. Several scans of different loads of lysozyme samples on a chip. Every grid contained 900 positions (50 × 18).






Table 1. Several scans of different loads of lysozyme samples on a chip. Every grid contained 900 positions (50 × 18).





	Dataset
	Number of Indexable Patterns
	Compression Rate





	Lyso1_grid1
	27
	33.3



	Lyso1_grid2
	94
	9.6



	Lyso2_grid1
	232
	3.8



	Lyso3_grid1
	545
	1.7



	Lyso4_grid1
	511
	1.8



	Lyso5_grid1
	155
	5.8
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Table 2. Overall statistics for two datasets collected during different chips after predetermination of exact crystal positions with low dose.
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	Experiment 11013662
	Experiment 11013278





	Number of patterns
	9230
	15023



	Indexed patterns/crystals
	1899/2088
	1189/1321



	Resolution, Å
	79.00–2.00 (2.03–2.0)
	79.00–2.00 (2.03–2.0)



	SNR
	4.81 (1.36)
	2.96 (0.33)



	CC*
	0.975 (0.603)
	0.962 (0.284)



	CC1/2
	0.907 (0.222)
	0.860 (0.042)



	Rsplit, %
	26.82 (106.18)
	35.97 (203.09)



	Completeness, %
	100.0 (100.0)
	95.75 (75.12)



	Multiplicity
	59.08 (41.6)
	16.25 (4.9)



	Unique reflections
	8589 (414)
	8223 (311)



	Wilson B-factor
	28.03
	28.18



	Rfree/Rwork
	0.29/0.27
	0.28/0.27
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png





nav.xhtml


  crystals-13-01225


  
    		
      crystals-13-01225
    


  




  





media/file2.png





media/file5.jpg





media/file3.jpg





media/file1.jpg





media/file7.jpg





media/file10.png
0’ s
A
s

ae
WA,
:\\:‘,\

T

1%

o8,
AN






media/file9.jpg





media/file0.png





media/file8.png





media/file6.png





