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Abstract

:

Along with the adoption of three-dimensional electron diffraction (3D ED/MicroED) as a mainstream tool for structure determination from sub-micron single crystals, questions about best practices regarding each step along the workflow, from data collection to structure solutions, arise. In this paper, we discuss three particular aspects of a 3D ED/MicroED experiment which, after hundreds of structures solved in Rigaku’s laboratories, we have found to be important to consider carefully. First, for a representative model system of a hydrated compound (trehalose dihydrate), we show that cryo-transfer of the sample into the diffractometer is an effective means to prevent dehydration, while cooling of the sample without cryo-transfer yields a marginal improvement only. Next, we demonstrate for a small (tyrosine) and a large (clarithromycin) organic compound, how a simplified and fast workflow for dynamical diffraction calculations can determine absolute crystal structures with high confidence. Finally, we discuss considerations and trade-offs for choosing an optimal effective crystal-to-detector distance; while a long distance is mandatory for a protein (thaumatin) example, even a small molecule with difficult diffraction behavior (cystine) yields superior results at longer distances than the one used by default.
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1. Introduction


Crystal structure determination using electron diffraction has seen an unprecedented revival starting from the late 2000s, sparked by the introduction of new data collection methods. These methods are analogous to single-crystal X-ray crystallography, wherein three-dimensional datasets are collected by stepwise or continuous rotation of single crystals in the probe beam without alignment to specific zone axes. These approaches are now commonly referred to under the umbrella terms 3D ED and MicroED [1,2,3,4,5,6]. The ability to obtain structures from single crystals in the sub-micron size range has generated huge interest in a wide range of scientific communities in organic and inorganic chemistry, as well as structural biology. Excellent review papers have recently become available, to which we would like to direct the reader for further introduction to the history, scope, and applications of 3D ED [6,7,8,9].



Hitherto, 3D ED has been performed in transmission electron microscopes (TEMs) which have typically been augmented by specific data collection software and/or hardware extensions such as precession units or dedicated diffraction detectors. More recently, dedicated electron diffractometers have become commercially available [10,11], which eliminate the requirement of prior skill in TEM operation and offer a user experience and workflows closely resembling those of single-crystal X-ray diffractometers. As such, 3D ED can be seamlessly integrated into the portfolio of crystallographic facilities. Despite their relatively recent introduction, dedicated electron diffractometers have already contributed significantly to published 3D ED studies from various fields [12,13,14,15,16,17,18,19,20,21,22,23]. Here, we specifically make use of the Rigaku XtaLAB Synergy-ED diffractometer [10], the central design principle of which is the complete integration of the collection, data processing, and structure solution process. The operational interface and user experience match that of Rigaku Oxford Diffraction X-ray diffractometers, driven by the fully integrated software package CrysAlisPro [24]. The electron optics of the XtaLAB Synergy-ED are based on a 200 kV electron gun with a lanthanum hexaboride crystal as the electron emitter. They were developed in collaboration with JEOL Ltd., based on JEOL’s established platform for TEMs, specifically regarding the gun optics, the mechanical design, and the fully automated vacuum system. Notably, the goniometer of the XtaLAB Synergy-ED, despite some modifications to optimize performance for 3D ED, remains compatible with the wide portfolio of sample holders available for TEMs, such as cryo-transfer systems, as discussed below.



In this paper, based on lessons learned from more than 380 structures solved on XtaLAB Synergy-ED diffractometers in our application laboratories, we will discuss considerations for obtaining high-quality small-molecule and protein structures regarding sample cooling and cryo-transfer, radiation dose, crystal-to-detector distance, and absolute structure determination through dynamical refinement.




2. Materials and Methods


All small-molecule samples were commercially available, obtained in powder form, and used without further modification. Trehalose was purchased as both the dihydrate and anhydrous forms (>98% purity) from Tokyo Chemical Industry Germany GmbH (Eschborn, Germany). Clarithromycin (>99.5% purity) was purchased from LKT Laboratories (St. Paul, MN, USA), Inc. L-Tyrosine (>99% purity) was purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). Cystine was purchased from CARL ROTH (≥98.5% purity, Karlsruhe, Germany).



2.1. Sample Grid Preparation


For small-molecule experiments, the microcrystalline powders were directly applied to continuous or lacey-carbon TEM grids after gentle grinding of sample powder between glass slides in order to break up larger crystals and agglomerates.



Thaumatin protein crystals were grown by batch crystallization from a 50 mg/mL solution in 100 mM ADA buffer (pH 6.5) by the addition of 1.5 M potassium sodium tartrate (pH 7.0) at a volume ratio of 1:1 at 20 °C. Next, 4 μL aliquots were applied to glow-discharged holey-carbon-coated copper grids at room temperature, blotted, and plunge-frozen into liquid ethane using a Leica GP2 plunger. One of the prepared sample grids was transferred to a Gatan Elsa (Model 698) cryo-transfer holder and introduced into a JEOL JIB-4000PLUS focused ion beam mill for further thinning [25]. Thin lamellae were cut out of 10 crystals using a gallium ion beam of successively lower currents (1 nA, 350 pA, 23 pA) down to approximately 250 nm thickness which is close to the optimal thickness for 3D ED [26,27]. The milling process took approximately 20 min per crystal on average. The grid was then directly cryo-transferred while remaining on the sample holder into the diffractometer for data collection.




2.2. Data Collection


All data collection was performed on identical Rigaku XtaLAB Synergy-ED diffractometers [10] located at various sites. Diffraction data are collected using an integrated Rigaku HyPix-ED hybrid-pixel detector (775 × 385 pixels, (100 μm)2 pixel size, frame rate up to 130 Hz) in zero dead time mode. Due to the event counting capability of the detector, readout and dark noise are not observed, ensuring the detectability of single electrons and no constraints in the choice of scan widths. The XtaLAB Synergy-ED diffractometer is fully controlled by the Rigaku Oxford Diffraction CrysAlisPro program package [24], which, in addition to real-space screening and data collection (instant and queued), also performs integrated on-the-fly and off-line data processing. Additionally, automatic structure solution and refinement for small molecules are possible within CrysAlisPro using AutoChem [28]. JEOL tomography-retainer and Gatan Elsa (Model 698) cryo-transfer sample holders were used for room-temperature and cryogenic measurements, respectively.



After insertion of a sample grid into the diffractometer, it is inspected in real space using the diffractometer’s visual mode. First, a very low-resolution image covering the entire grid for coarse navigation is taken (minimap). Next, interactive screening is performed using video-mode or snapshot-mode visualization at a suitable magnification for identifying grains with morphological properties optimal for electron diffraction. For typical organic compounds or proteins as studied in this work, a crystal thickness of the order of 500 nm along the directions covered by the rotation scan is desirable for an optimal trade-off between signal strength and reasonable levels of background due to inelastic scattering. An extremely low electron flux (dose rate) of the order of 5 × 10−4 e−/(Å2·s) is used for screening to prevent radiation damage before data collection. Diffraction snapshots of candidates can be immediately collected, or grain positions can be queued for automatic screening, similar to existing workflows for 3D ED [29,30,31]. For each grain that is found to be well-diffracting, centering along the beam propagation direction is performed using a semi-automatic point-and-click interface. Afterward, data collection can either be immediately started or queued for unattended collection. All data collections are performed in shutterless continuous-rotation mode [4,6] at scan speeds of typically 0.5–3 s/° and fluxes of 1 × 10−3 to 5 × 10−3 e−/(Å2·s). A selected-area aperture of 1 μm or 2 μm apparent diameter (imaged on the sample plane) is used for isolation of the diffraction signal from the chosen grain. During data collection, unit cell determination and data reduction are continuously performed on-the-fly in CrysAlisPro, and online structure solution and refinement using AutoChem are started once data completeness passes a preset threshold.



For all small-molecule datasets, diffraction data were typically collected over wedges of 90–125° at total radiation doses (fluence) of 0.1–10 e−/Å2 per run (see Supplementary Crystallographic Tables for details). For thaumatin, diffraction data were collected over a total range of 70° from one of the crystals with a total dose of 10 e−/Å2.




2.3. Data Processing and Structure Solution


For all datasets, indexing, integration, and space-group determination were performed using CrysAlisPro 43.49a (L-tyrosine, clarithromycin) or 43.70a (thaumatin, trehalose, cystine). For small-molecule datasets, after dataset scaling and merging in CrysAlisPro, crystal structures were solved using direct methods and refined in the kinematical approximation in Olex2, using SHELXT [32] and SHELXL [33] as respective back-ends. For some datasets, the extinction parameter (EXTI) was used in refinement to prevent negative anisotropic displacement factors (ADPs) [34]. Further dynamical refinement using Jana2020 [35,36] was performed on some datasets, as will be discussed below. For thaumatin, after the export of unmerged data and subsequent merging using AIMLESS [37], molecular-replacement phasing was performed using PHASER [38]. Multiple rounds of model building with Coot 0.9.8 [39] and refinement with REFMAC5 [40] were performed until arriving at a completed model with satisfactory R-factors and geometry. Note that sum of Gaussian electron scattering factors was used in REFMAC5.





3. Results


In this section, we will discuss results from measurements on typical test samples that address three key aspects of experiment design unique to 3D ED: (i) the need to keep hydration/solvation of the specimen under vacuum; (ii) crystal structure refinement using dynamical diffraction calculations; and (iii) selection of appropriate crystal-to-detector distance using electron optics.



3.1. Preservation and Dehydration of Trehalose Dihydrate


As in X-ray crystallography, cooling the samples during an electron diffraction experiment [41] can significantly enhance data quality in terms of diffraction resolution and completeness through reduced thermal motion giving rise to an increase in scattering power. In electron diffraction, however, beam damage is generally a larger concern but can be mitigated to an extent with the help of low temperatures providing a longer lifetime of the crystal while in the beam. For a broad range of samples, in our laboratories, we often observe a similar behavior for electron diffraction, such that the time overhead for cooling the sample is more than offset by the faster screening for well-diffracting grains and lower requirements for careful dose optimization. A very different and even more crucial use case for cryo-preservation arises for samples such as hydrated and solvent-containing compounds, co-crystals, or proteins, where exposure to vacuum would lead to loss of hydration or solvent [17,23], often even leading to an entire collapse of the crystal lattice. For such samples, dehydration occurs quickly after transfer into the diffractometer, so simple cooling of the sample stage is not sufficient protection, and cryo-transfer, whereby the sample is frozen outside the vacuum and transferred into the diffractometer using a suitable cryo-transfer holder, is required.



As a representative organic molecule illustrating the typically observed behavior of hydrated small-molecule compounds, we studied the case of trehalose dihydrate, comparing results from ED experiments obtained at room temperature, at liquid-nitrogen temperature, and using cryo-transfer. We will compare the results to the case of natively anhydrous trehalose.



First, we introduced a sample grid of trehalose dihydrate into the diffractometer at room temperature. Among ~20 grains chosen for screening by their morphological properties (like grains shown in Figure 1g), most exhibited no diffraction or only very poor diffraction; only 3 grains were found suitable for data collection at an ultra-low total dose of 0.16 e−/Å2 and structure solution. In Figure 1b, a screening image, a representative diffraction frame, and the refined structure from one of those grains are shown. Full dehydration of the crystal due to exposure to the diffractometer vacuum was found for all grains. We then cooled down the sample to 100 K while keeping it in the vacuum environment of the diffractometer and repeated the measurement on the same grain to obtain a dataset with marginally improved statistics (Figure 1c, Table S1 in Supplementary Materials). Finally, we repeated the measurement with a total dose three times higher, which led to a further improvement in data refinement quality, specifically with regard to the signal-to-noise ratio (Table S1). For all datasets, we found an orthorhombic unit cell with volume ≈ 1450 Å3 and a space group P212121, matching a polymorph of anhydrous trehalose which has previously been described in the literature to arise from direct dehydration of trehalose dihydrate [42].



In the case of cryo-transferred trehalose dihydrate, we found good diffraction from all inspected morphologically suitable grains. The unit cell matched an orthorhombic cell with a slightly bigger volume of 1602(19) Å3 than that of the anhydrous form, again in accordance with the literature [42,43]. We collected diffraction data from seven such grains at an ultra-low radiation dose of 0.16 e−/Å2 each, all of which led to a structure solution containing the two co-crystallized water molecules as shown in Figure 1d, unambiguously demonstrating the ability to preserve hydration. Due to the rather high-symmetry point group, a dataset of sufficient completeness could be collected from a single grain. After collecting the dihydrate crystal data, we warmed up the sample to ambient temperature while it remained in the vacuum environment of the diffractometer’s airlock chamber. Revisiting the grains from which each data set was collected showed no visible morphological changes; however, only weak, low-resolution diffraction data could be obtained (Figure 1e). While data quality was too low for structure solution, we could determine the unit cells of the checked crystals; despite high uncertainties, the most likely value for all crystals was close to that of the previously found orthorhombic polymorph of the anhydrous state (V ≈ 1450 Å3), indicating dehydration of the crystals during warm-up in vacuum.



To compare the behavior of the vacuum-dehydrated trehalose to an initially anhydrous sample, we repeated a measurement at room temperature following the same protocol with commercially available anhydrous trehalose. Different from the case of dehydration inside the vacuum, we observed good diffraction for all screened crystals and could solve the structure for nine datasets like that shown in Figure 1f. Furthermore, those crystals belonged to the monoclinic polymorph, which, instead of dehydration, is obtained after crystallization at a temperature above the melting point of the dihydrate [44].




3.2. Dynamical Refinement Using CrysAlisPro and Jana2020


As of now, most structures in 3D ED are solved and refined using tools developed for X-ray diffraction, which besides adjusted atomic scattering factors, do not attempt to account for the properties of electron radiation. Specifically, the high elastic-scattering cross-sections of electrons lead to multiple diffraction and mutual interference between all excited beams (dynamical diffraction). The widely used assumption in crystallographic software that Bragg spot intensities should be proportional to the squared amplitude of the corresponding structure factors (kinematical diffraction) does not hold in this case, which is, however, used by most crystallographic refinement software. Making use of the kinematical approximation still yields satisfactory results, as data collection off zone axes [1], mosaicity on the nano-scale [45], and inelastic scattering [46] mitigate dynamical effects [9]. However, the usefulness of using full dynamical computations for refinement has now been demonstrated for a range of samples and techniques [34,47,48,49,50]. Specific advantages, besides improved refinement figures of merit such as R-values, include improved visibility of hydrogen atoms and guest molecules in framework materials thanks to lower noise in the reconstructed potentials [48,50], improved assignment of atom species [50], and sensitivity to the absolute structure of crystals [49] through differences between symmetry-equivalent reflections arising from dynamical effects. Dynamical refinement has been implemented in the structure solution and refinement package Jana2006/Jana2020 [35,36] for 3D ED data collected via the methods of precession tomography or, more recently, continuous rotation [50]. For the latter collection type, which is employed in the XtaLAB Synergy-ED diffractometer, unmerged intensities need to be computed for overlapping virtual frames (OVFs) at regular angular increments following the prescription of Klar et al. [50]. This currently can be performed using either the PETS2 processing software [51] or CrysAlisPro version 43.22a or higher. Due to the complexity and many parameters of the processing pipelines, differences between the final intensities assigned to the diffraction spots in the OVFs are expected between the processing programs. As a benchmark case, we collected 3D ED data from a nanocrystal of the amino acid L-tyrosine. After kinematical refinement without hydrogens and isotropic displacement parameters, we obtain a solution with R-values R1 = 14.4% and wR2 = 35.4%. We next subjected this initial model to further dynamical refinement in Jana2020 following the procedures as outlined in the literature [36,50]. In consecutive steps, we added (1) frame scaling and crystal thickness (with fixed atomic structure), (2) the atom positions and isotropic displacement parameters, (3) free hydrogen positions, and (4) anisotropic displacement parameters (ADPs) as refinement parameters. This procedure was repeated for data processed by CrysAlisPro 43.49a and PETS2.2, respectively, with the initial model as L- and inverted D-enantiomer (equivalently referred to as S- and R-enantiomer). The resulting R-values are displayed in Figure 2b,c. Regardless of the input data and refinement type, we observe a clear preference for the correct chirality, and each of the refinement steps further decreases the R-values until they finally reach approximately half their values from kinematical refinement (R1 = 7.6%, wR2 = 22% for CrysAlisPro and L-configuration, Table S2), in accordance with typical behavior documented in the literature. There are minor quantitative differences between refinements against OVF intensities obtained from PETS2 and CrysAlisPro (CAP); remarkably, while CrysAlisPro-processed data refined to lower R1 values, the wR2 values are higher, which we attributed to differences in the error model corrections of the programs. Still, we find no major qualitative deviations. To obtain a more quantitative measure for the confidence level of absolute structure assignment, as originally suggested by Le Page et al. [52], we compute the background noise-adjusted z-score for the bias of observed intensities towards those computed from the correct absolute configuration following the definition of Klar et al. [50]. Z-scores higher than 3σ were found for even the simplest computation, with values reaching up to 10.0σ for data processing in CAP and full refinement in Jana2020, as shown in Figure 2d. Also, here, we find only minor deviations between the processing programs, likely arising from noise models and details of OVF computation.



Another representative example of absolute structure determination using CrysAlisPro/Jana2020 for a larger chiral compound is the structure of the common antibiotic drug clarithromycin. A structure solution from a grain found to be of the solvent-free form II polymorph [53,54] is shown in Figure 2e, which after kinematical refinement in SHELXL resulting in R1 = 14.8%/wR2 = 31.9%, was subjected to dynamical refinement in Jana2020 with crystal thickness (EDthick), atom positions, and isotropic displacement parameters as free parameters, leading to a large gap between the correct (R1 = 13.0%/wR2 = 25.7%, Table S3) and incorrect (R1 = 16.7%/wR2 = 31.3%) absolute configuration with an adjusted z-score of 14.0.




3.3. Operation at Large Crystal-to-Detector Distances for Proteins and Small Molecules


All TEMs (except for some dedicated STEMs) allow one to set the magnification of the projection of images onto the detector by means of changing currents in the electron lenses below the sample. If set to diffraction mode, this corresponds to changing the effective crystal-to-detector distance (DD), equivalent to changing the physical detector position along the beam direction on an X-ray diffractometer. Featuring a similar projection system, the XtaLAB Synergy-ED diffractometers used in this study allow one to choose between calibrated DD settings ranging between approximately 500 mm and 2500 mm, providing the ability to both collect data at high resolutions up to ≈0.3 Å, as well as resolve closely spaced reflections arising from the large unit cells of, among others, protein crystals or mesoporous compounds.



For the former scenario, the question arises of what minimum DD and hence peak spacing on the newly introduced detector is required for a typical protein crystal when using the combination of the HyPix-ED detector and processing in CrysAlisPro. We collected a dataset from a focused ion beam milled lamella of a thaumatin microcrystal (Figure 3a,b) with a tetragonal unit cell (a = b = 58.4 Å, c = 151.2 Å), which is a commonly used standard for 3D ED on proteins [55,56]. DD was set to 1800 mm, potentially keeping spots out to ~1.2 Å (resolution at detector edge) covered by the detector. In Figure 3c,d, we show frames from the dataset viewed perpendicular to the c-axis with a Bragg spot spacing of 0.30 mm (3 pixels) on the detector. Despite this small spacing, the data could be integrated by CrysAlisPro using default two-pass profile fitting and were further processed using a standard molecular-replacement pipeline to a final protein structure at a resolution of 2.15 Å (Figure 3e, see Table S4 and Section 2.3 for details).



While the advantages of using a short DD for small-molecule crystallography, in particular on inorganic compounds with small unit cells and diffracting to high resolutions, are obvious, the case for longer DD is more subtle. For a challenging test sample exhibiting an unusually long unit cell axis as well as a tendency for twinning and a poor overall diffraction signal, we used cystine, an oxidized amino acid forming a hexagonal polymorph with a c-axis of ≈58 Å length. Both at 100 K and 293 K, we found most crystal grains to be very poorly diffracting or badly twinned. Using automated screening collection (unattended queue mode, 4° collection range) from approximately 100 manually selected candidate crystals on two grids, we identified two well-diffracting, only weakly intergrown crystals at starkly different orientations with respect to the sample grid (Figure 4a–f). While crystal 1 exhibited a plate-like morphology and was oriented with its long c-axis almost perpendicular to the grid (Figure 4a–c), crystal 2 had its c-axis almost in the plane of the sample grid (Figure 4d–f). For each of the crystals, we conducted three data collections at an identical crystal orientation and scan range but different settings of DD. We also used a fine frame slicing/scan width of 0.15° for optimal resolution of peaks in three dimensions, which, due to the noise-free readout of the hybrid-pixel detector, does not impact signal-to-noise ratios.



Overall, crystal 1 yielded significantly better data, as expected, due to the absence of strong peak overlaps with the c*-axis never passing the (almost flat) Ewald sphere within the collected wedge of 125°. Additionally, the thin plate-like morphology minimizes the detrimental effects of inelastic scattering by diffusing the spots and dynamical diffraction. In Figure 4g,h, projections of reciprocal space reconstructed from pixel intensities in the collected frames are shown along the b*-axis for the shortest and longest DD. While peaks are well-separated and aligned in an undistorted lattice along all axes, the long DD yields better-defined spots along the a*-direction, as seen in the close-up views of peaks with h = 1 in Figure 4k,l. This comes at the expense of a more pronounced cut-off at higher resolution due to more limited detector coverage. Despite the unproblematic geometry, we observed the best refinement metric R1 from the longest DD of 1289 mm (Figure 4o, Table S5) at similar precision indicators Rint and Rpim (Figure 4p,q). This suggests that the higher data redundancy achieved at low DD is outweighed by higher accuracy of integrated intensities due to better peak fitting and decreased overlap, specifically with a weak intergrown second crystal.



The case of crystal 2 is significantly more challenging, as frames collected almost normal to the grid exhibit tightly spaced and more diffuse peaks (Figure 4d,f). The latter is due to the crystal, despite its small size, retaining a plate-like geometry and hence a greater thickness perpendicular to the c-axis. As can be seen in Figure 4i,j,m,n, besides a lower resolution (cut at 1.1 Å for processing), the reconstructed reciprocal space shows poorly separated peaks as well as spatial distortions, specifically at the lowest DD. This was chosen as 777 mm instead of 653 mm, as for crystal 1, to avoid peak spacing along c* falling below 0.3 mm. We attribute this to a poor determination of crystal orientation. Both issues are mitigated by longer DD settings, significantly improving the quality of processing and refinement (Figure 4o–q, Table S5). Optimal quality is reached at the intermediate distance, which we hypothesize to be related to spurious factors such as the onset of radiation damage or crystal drift in the longest-DD dataset.





4. Discussion


With the advent of commercially available, fully integrated diffractometers [10,11], 3D ED is transitioning from an exploratory new approach developed within a dedicated method-centered community to a cutting-edge technique offered by an increasing number of crystallographic facilities. As such, it is becoming available to a wide audience of non-specialist users from diverse fields who might not yet be familiar with practicalities that differ from common knowledge in X-ray crystallography. In this work, we conducted systematic measurements on test systems, specifically targeting three such aspects to be considered for a successful 3D ED experiment. We will further discuss the outcomes of those in the following.



4.1. Cryo-Transfer Allows Data Collection from Hydrates and Solvates


The ability to protect samples from dehydration in the diffractometer vacuum is critical for a wide range of substances, such as hydrates, solvates, and biomolecules. While the creation of atmospheric micro-environments [57,58,59] using specific sample holders is possible, cryo-transfer, where the sample grid is cooled to low temperature outside the vacuum and transferred into the vacuum in a cold state, is a significantly simpler, faster, and cheaper workflow. While cryo-transfer is now commonplace in cryo-electron microscopy or 3D-ED/MicroED on biomolecules [7,60], its strict necessity for many small molecule samples is less appreciated.



Our findings on dehydration of trehalose dihydrate (and prevention thereof) in Section 3.1 are entirely consistent with the hypothesis of complete preservation of crystallites using cryo-transfer. Insertion into a vacuum without cryo-protection or warm-up after cryo-transfer not only leads to dehydration, but in most cases, also partial or complete loss of crystallinity. As a corollary, this means that there may be cases where it is not possible to distinguish between a sample that has collapsed due to being unprotected in a vacuum and one that exhibits poor crystallinity from the start. This underlines the necessity of additional PXRD measurements, ideally during or after exposure to vacuum, if no cryo-transfer is possible. Furthermore, we could show that in-vacuum cooling of the small fraction of crystals that dehydrated without collapse of the crystal lattice only leads to a marginal improvement in data quality. It was recently reported by Yang et al. [61] that cryogenic data collection even decreased data quality for test systems, including an anhydrous sugar, highlighting that the impact of temperature for vacuum-insensitive samples is highly sample-dependent and warrants further study. Of note, dehydrated crystals were of the rare orthorhombic polymorph [42], which differs in its unit cell parameters from the dihydrate by a small but well-detectable margin, whereas commercially obtained anhydrous crystals were also measured and found to be well-diffracting and of the more common monoclinic polymorph [44].



While trehalose dihydrate is only one specific example of a hydrated microcrystalline compound, the observed behaviors are commonly found in our laboratories for a wide range of small molecule samples, specifically pharmaceuticals and solvated mesoporous compounds, which are regularly solved on request by commercial and academical customers and collaborators.




4.2. Absolute Structure Determination Using a Simplified Workflow


Among the virtues of dynamical diffraction effects in electron diffraction, the determination of absolute structure and, thus, the chirality of the studied compound [49,50] is particularly outstanding for the field of pharmaceuticals and for organic small molecules, among others. The necessary intensity differences between Bijvoet-pairs, however, arise from a fundamentally different physical mechanism than that of resonance scattering of X-rays and cannot be accounted for within the kinematical approximation, such that only dynamical refinement strategies based on Bloch-wave or multi-slice computations [35,62,63,64] are able to make use of the chiral information contained in 3D ED data.



Inevitably, routine application of dynamical refinement for absolute structure determination poses new challenges both in terms of knowledge and practical skills of crystallographers, as well as the required computation time of the order of hours for a full dynamical refinement, even on high-end workstations. While progress in available packages [36] will help to somewhat lower those barriers, the necessary workflows are still significantly more intricate than what typical users of highly integrated X-ray diffractometers are used to.



As we have shown by a benchmarking series on a standard sample in Section 3.2, data processing using the latest versions of CrysAlisPro provides data suitable for dynamical refinement (OVF intensities). The data output leads to results comparable to that achieved by reprocessing in PETS2 [51] when used for dynamical refinement in Jana2020 [36,65]. OVF intensities are computed automatically during data collection on an XtaLAB Synergy-ED diffractometer, such that, along with a starting model provided by AutoChem/Olex2 [28], a full set of input files for dynamical refinement is available immediately after data collection. This significantly speeds up the workflow for dynamical refinement. Furthermore, we showed that even without the refinement of atomic coordinates and ADPs, comparison to dynamically predicted intensities after frame scaling and crystal thickness refinement [65] gives a satisfactory degree of confidence for absolute structure determination, as gauged by z-scores well exceeding 3σ, and differences in R-values shown in Figure 2. For determination of absolute structure with the highest fidelity, as well as full exploitation of the information contained in 3D ED data from both organic and inorganic compounds, such as high visibility of hydrogens and guest molecules, more accurate bond lengths, and more confident assignment of atom species [50], a full refinement (presented in detail elsewhere [50,65]) is inevitably required; however, for proper absolute structure determination, a single round of dynamical parameter optimization in Jana2020 following CrysAlisPro data reduction can give a good indication of absolute structure within a few minutes after data collection. Very recently, the absolute structures of the active pharmaceutical ingredient levocetirizine dihydrochloride and the natural product hakuhybotrol were determined using similar workflows [16,20].




4.3. Appropriate Detector Distance Can Improve Data Quality


TEMs, as well as the XtaLAB Synergy-ED diffractometer, allow setting the detector distance prior to measurement by merely changing a preset in the control software, leading to questions on how to pick an optimal detector distance (DD) for a given sample. For protein crystals, long DDs are clearly required at the expense of high-resolution coverage, which scales reciprocally with the accessible unit cell length. As a rule of thumb, the DD should be larger than     p Δ N   ⋅ c / λ  , where   p ,   c ,   λ   denote pixel size, longest unit cell axis, and wavelength, respectively. The factor ΔN, representing the number of pixels that peaks should be separated by, depends on the point-spread function of the detector, as well as the performance of the used integration algorithm. The successful data processing of a thaumatin protein crystal collected at a DD set to an aggressively low value of ≈1800 mm indicates that ΔN ≈ 3 is sufficient for the combination of the HyPix-ED detector with CrysAlisPro. We attribute this to the relatively large pixel size of 100 μm leading to a narrow point spread even with 200 keV electrons [66] and the sophisticated multi-pass profile fitting protocols in CrysAlisPro. This finding implies that a maximum unit cell length of more than 200 Å is still compatible with standard settings on the XtaLAB Synergy-ED, even while retaining detector coverage up to 1.7 Å at near the far edge of the detector.



Besides the case of protein crystals, small-molecule 3D ED can also profit from longer DD settings, as we have demonstrated by the example of cystine nanocrystals, combining an exceptionally long unit cell axis, a tendency for intergrowth and twinning, and a high symmetry. For the case of a crystal showing relatively low-resolution diffraction and with a large portion of the collected data having close peak spacing on each frame due to the flat Ewald sphere lying close to a long axis and diffuse inelastic scattering, common settings of DD for small-molecule work were unable to yield satisfactory data quality. It is evident that increasing DD in this scenario leads to a significant improvement. More surprisingly, long DD settings otherwise associated with protein crystals even slightly improved data quality in an unproblematic crystal where no close peak spacing on single frames was observed, but the reduced data redundancy at high resolutions might have been outweighed by decreased residual peak overlap for rejection of a small intergrown crystal, and higher accuracy of crystal orientation and peak fitting. It should be noted that this trade-off might be more unfavorable in the case of lower symmetry, where low completeness at high resolutions due to angular coverage becomes a limiting factor. Also, while our measurements have been conducted on a counting detector with no background noise, an instrument fitted with a conventional CMOS or CCD detector might yield worse signal-to-noise ratios at larger DD as more background noise is collected from the larger integration regions required to fit the magnified peaks. Still, those findings indicate that, for data collection of compounds with unknown properties with regards to diffraction resolution, propensity for intergrowth and twinning, as well as diffuse inelastic scattering, the choice of a larger DD than usual should be taken into consideration, despite a possible penalty in completeness or precision (though not accuracy) of reflection intensities. This might be especially useful for upcoming applications in high-throughput, automated screening of heterogeneous mixtures [67,68,69,70], which will frequently contain such sub-optimal crystals that nevertheless need to be included in data analysis as effectively as possible. At the other end of the spectrum, inorganic compounds will often yield useful diffraction up to very high resolutions; in this case, further shortening the DD below typical values will lead to improved resolution and completeness, which would be useful, e.g., for charge-density studies or dynamical refinement.





5. Conclusions and Outlook


In this paper, we conducted measurements on representative samples, addressing three particular aspects of experiment design for 3D ED/MicroED, that is, preservation of hydration by cryo-transfer, simple dynamical refinement for determination of absolute structure, and optimal choice of effective crystal-to-detector distance. All those are of immediate interest for practical work on TEMs and electron diffractometers, using workflows and instrumentation available in dedicated research groups and, increasingly, general crystallographic facilities.



Along with the adoption of 3D ED/MicroED into the canon of structure determination methods, new approaches regarding sample preparation, data collection, data processing, and structure solution are rapidly developing, such as high-throughput crystallinity screening [67], on-grid crystallization [71], lipid cubic phase embedded crystals [72], environmental cells [57,58,73], efficient analysis of heterogeneous samples [68,69,70], autonomous and serial data collection [69,74,75,76], low-resolution phasing [77], dynamical refinement [47,48,64], absolute structure determination [49,50], diffuse scattering and pair-distribution functions [78,79], and aspherical atom models [80], among many others. Assessing the new opportunities provided by such exciting developments in everyday work and casting them into dependable workflows will be an important task for years to come. Hence, while our current study is limited to relatively basic parameters, we are hoping for many more investigations on deriving best practices for obtaining the best structures possible, from a broad array of sample types, while minimizing the effort for individual optimization for each sample.
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Figure 1. Dehydration and preservation of trehalose dihydrate inside the diffractometer. (a) Grids with powder of trehalose dihydrate (top) or anhydrous trehalose (bottom) are loaded on lacey-carbon coated copper grids and loaded into the diffractometer at either room temperature or at 100 K, using a cryo-transfer system; 3D ED datasets are taken at ultra-low dose to minimize the impact of radiation damage on our findings. (b) Typical screening result, diffraction pattern, and structure solution of anhydrous trehalose found after dehydration of the dihydrate in vacuum. Green, yellow, and red circles in the screening images indicate well-diffracting, poorly diffracting, and non-diffracting crystals, respectively. (c) Data from the same crystal in (b), after cooling to 100 K inside the vacuum. (d) Result for a grid with dihydrates preserved by cryo-transfer. (e) Data from the same crystal in (d), after warming up to room temperature inside the vacuum. (f) Result for a grid containing specifically prepared anhydrous trehalose, transferred into vacuum at room temperature. (g) Close-up real-space images of two typical grains taken after data collection. Scale bars correspond to 500 nm. 
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Figure 2. Dynamical refinement of crystal structures from L-tyrosine and clarithromycin. (a) Drawings of the tyrosine structure solved as L- and D-enantiomer with resulting R1 values after dynamical refinement. (b) R1 values after dynamical refinement of tyrosine crystal structures processed with CrysAlisPro (CAP, blue) and PETS2 (green) for L- (filled) and D- (empty) enantiomers after several types of refinements applied. (c) As (b), with wR2 as figure of merit. (d) Z-score (background-noise-adjusted) for correct determination of enantiomer by comparing observed intensities to predictions from refinements with both L- and D-configuration. (e) Correct and inverted configuration of clarithromycin after dynamical refinement with respective R1 value. 
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Figure 3. Three-dimensional ED data collection from a protein microcrystal. (a,b) SEM images of thaumatin crystals on a vitrified TEM grid imaged before (a) and after (b) FIB milling. Scale bars correspond to 10 μm. The thin lamella section in (b) is used for data collection. (c) Diffraction frame from continuous rotation collection over a wedge of 0.25° nearly perpendicular to the tetragonal c-axis. The indicated streak corresponds to reflections with h = 3, k = 11. (d) Close-ups of the indicated streak from the frame shown in (c) and adjacent frames spaced by 0.25°. (e) Section from structure solution with 2Fobs –Fcalc at 2σ. 
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Figure 4. Diffraction data collection from two grains of hexagonal cystine. (a) Diffraction pattern near neutral tilt at DD = 1289 mm, (b) real-space image, (c) close-up image for crystal 1. The red circle in (b) corresponds to the region that diffraction was collected from using a selected-area aperture of apparent diameter 2 μm. (d) Diffraction pattern near neutral tilt at DD = 1289 mm, with red box indicating zoom region in (f), (e) real-space image, (f) zoom into diffraction pattern for crystal 2. (g) 3D reconstruction of reciprocal space from pixel intensities, projected along b* for crystal 1 at DD = 653 mm. The shown region corresponds to (0.8 Å)−1 along each axis. The red box indicates the zoom region shown in (k). (h) Same, at DD = 1289 mm. (i) Same, for crystal 2 at DD = 777 mm. (j) Same, for crystal 2 at DD = 1289 mm. (k–n) Zoomed sections of (g–j), respectively, highlighting reflections with h = 1. (o) R1 values after refinement in SHELXL, for three DD values for each crystal. (p) Rint values after integration, scaling, and merging in CrysAlisPro. (q) Rpim values. 
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