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Abstract

:

Radiation damage is an inherent challenge in macromolecular crystallography (MX). This diminishes the diffraction quality and also compromises the accuracy of the crystal structure. Investigating the impact of radiation damage on the crystal quality and structure can offer valuable insights into the structural interpretation and data collection strategy. Selenomethionine (SeMet, Mse) is an amino acid that exists in nature and contains a high-Z atom, i.e., selenium (Se), which is sensitive to radiation damage; however, little is known regarding the radiation damage of this amino acid. To better understand the radiation damage that affects SeMet, we investigated the radiation damage to a SeMet-substituted substrate-binding protein from Rhodothermus marinus. As the X-ray dose increased, the quality of the data statistics deteriorated. In particular, an increase in the X-ray dose increased the negative Fo-Fc electron density map near the Se atom of the Mse residue, while no negative Fo-Fc electron density map was observed in the other atoms (O, C, and N). Radiation damage increased the absolute B-factor value of the Se atom in the Mse residue, which was higher than that of the other atoms. This indicates that Se is more sensitive to radiation damage than other atoms. These results will contribute to advancing our knowledge of the radiation damage that can occur in MX.
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1. Introduction


The macromolecular crystallography (MX) technique is a useful tool to determine the crystal structure of biomolecules at an atomic scale [1,2]. The crystal structure that is determined with MX provides valuable information to understand the phenomena of life at the atomic level [3,4,5,6]. Moreover, this structural information contributes to the development of a wide range of fields, including applications in drug design, food, and medical industries [7,8,9,10]. Although the MX technique is very useful in assembling the structural information of biomolecules, when this technique is used for experimentation, it involves the inherent challenge of radiation damage to the crystal sample caused by X-rays [11]. When a crystal sample is exposed to X-rays, free radicals are generated due to the absorption of the X-rays by the crystal sample, which causes global or specific radiation damage [12]. Global radiation damage increases the non-isomorphism of the crystal, which increases the unit cell volume or Wilson B coefficient [13,14]. This disrupts the crystal packing, lowers the diffraction intensity of the crystal, and prevents the collection of high-resolution data [13,14]. Specific radiation damage causes problems, such as the elongation and breakage of disulfide bonds, decarboxylation of the aspartic and glutamic acid side chains, disorganization of the sulfur atom in methionine (Met), and photoreduction of the metal centers [13,14,15,16,17,18,19]. Therefore, radiation damage not only interferes with high-resolution diffraction because of the deterioration of the crystal diffraction quality but also reduces the accuracy of the assessed molecule structure [20,21,22]. To understand the effects of radiation damage on protein crystals, various model crystals with high diffraction intensity, such as lysozyme, thaumatin, and insulin, were used [23,24,25,26].



Previous studies that considered radiation damage have mainly focused on sulfur-containing disulfide bonds, Met, metal centers, and negatively charged amino acids, which are known to be sensitive to radiation damage [27]. Meanwhile, little is known regarding the radiation damage to selenoprotein that contains selenomethionine (SeMet) and selenocysteine, which are not included in common amino acids. In humans, selenoproteins have a wide range of pleiotropic effects that range from antioxidant and anti-inflammatory effects to the production of active thyroid hormones [28]. To elucidate the phenomenon of radiation damage through MX experimental techniques, it is essential to utilize a broad range of model samples.



SeMet is a naturally occurring amino acid that contains a S-to-Se modification in Met [29]. The L-SeMet enantiomer is the major selenocompound that is found in grains, grassland legumes, soybeans, and selenium-enriched yeast [30]. SeMet can be non-specifically incorporated into proteins, usually in place of Met, of bacterial or eukaryotic cells [31,32,33]. When SeMet was used instead of Met in the production of recombinant proteins in E. coli, yeast, or baculoviral systems, successful recombinant expression of SeMet-containing proteins was generated [32,33,34,35]. The Se atom in the SeMet residue has a higher number of electrons than the other atoms that amino acids consist of. Accordingly, SeMet-substituted protein crystal is utilized in a standard method, such as single-wavelength anomalous dispersion (SAD) or multiwavelength anomalous dispersion (MAD), to solve the phase phasing of the MX experiment [36,37]. Therefore, the magnitude of radiation damage affecting Se is an important factor that can affect the solving of phasing problems in Se-SAD or Se-MAD experiments.



The amino acid sequence of the substrate-binding protein (SBP) (gene name: Rmar_2177) from Rhodothermus marinus (RmSBP) was annotated as an ABC-type uncharacterized periplasmic transport system, which is located near the methyl-accepting chemotaxis protein gene (Rmar_2177) [38]. Unlike typical SBPs that recognize substrates using two α/β domains, RmSBP has a single domain that consists of one α/β fold [38]. The structural features and molecular flexibility of RmSBP have been previously reported [39]; however, their exact molecular function has not yet been elucidated. High-resolution structures are important for the accurate molecular analysis of radiation damage, and the RmSBP crystals used in previous studies showed high diffraction intensities in the range of 1.5–1.9 Å; thus, they are suitable for use as model samples in radiation damage studies.



In this study, instead of evaluating the biological function of RmSBP, SeMet-substituted RmSBP was used as a model sample to investigate radiation damage in protein crystals that contain SeMet. Diffraction data were collected by continuously exposing SeMet-RmSBP crystals to X-rays. The diffraction images, data processing statistics, crystal structures, and electron density maps for four data sets that were categorized by the applied X-ray dose were comprehensively compared. The global radiation damage of SeMet-RmSBP and the specific radiation damage to SeMet were analyzed. These findings contribute to the broader understanding of radiation damage in MX experiments and SeMet-substituted protein crystals.




2. Materials and Methods


2.1. Protein Preparation


The construction and cloning information have been previously reported [38]. The pET28a vector containing the gene encoding RmSBP (UniProt: D0MDR1, residues 22–185) was transformed into E. coli BL21 (DE3) cells and cultured overnight in 5 mL Luria–Bertani media supplemented with 50 μg/mL kanamycin. The SeMet-substituted RmSBP was expressed using the SeMet expression kit. The cells were harvested through centrifugation at 3000 rpm for 5 min, and these cells were inoculated into 1L M9 media supplemented with 50 μg/mL kanamycin and cultured at 37 °C until the OD600 reached 0.6–0.8. Protein expression was induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside for 20 h at 18 °C. The cells were harvested through centrifugation at 4000 rpm for 30 min. The cell pellets were resuspended in 50 mM Tris-HCl, pH 8.0, 200 mM NaCl, 10 mM imidazole, and 5 mM β-mercaptoethanol. The cell suspension was sonicated on ice and centrifuged at 39,000× g for 30 min to remove the cell debris. The supernatant was loaded onto a column containing 5 mL Ni-NTA resin (Qiagen, Valencia, CA, USA). The resin was washed with a wash buffer containing 50 mM Tris-HCl, pH 8.0, 200 mM NaCl, 20 mM imidazole, and 5 mM β-mercaptoethanol. The proteins were eluted using a buffer containing 50 mM Tris-HCl, pH 8.0, 200 mM NaCl, 300 mM imidazole, and 10 mM β-mercaptoethanol. The eluted proteins were incubated overnight with thrombin protease at 4 °C to remove the N-terminal expression hexahistidine-tag. The proteins were concentrated using a Centricon and loaded onto a HiLoad Sephacryl 100 16/60 column (GE Healthcare, Chicago, IL, USA) with a buffer containing 10 mM Tris-HCl, pH 8.0, 200 mM NaCl, and 2 mM DTT. All protein purification steps were performed at room temperature.




2.2. Crystallization


RmSBP crystals were grown using the hanging drop vapor diffusion method at 22 °C. RmSBP solution (1 μL, 20 mg/mL) was mixed with 1 μL crystallization solution containing 0.1 M Na-acetate, pH 4.5, 0.2 M MgCl2, and 10% (w/v) polyethylene glycol 3350. Crystallization was performed in a 24-well VDX™ hanging drop plate (Hampton Research, Aliso Viejo, CA, USA), and the crystallization drops were equilibrated with 500 μL crystallization solution. The RmSBP crystal were grown to approximately 0.2 × 0.2 × 0.4 mm3 within a month.




2.3. Data Collection


Diffraction data were collected at beamline 7A at the Pohang Light Source II (PLS-II, Pohang, Republic of Korea). The X-ray photon flux was approximately 1 × 1012 photons/s. The vertical and horizontal X-ray sizes were 100 and 100 μm (full width at half maximum, FWHM), respectively. The SeMet-RmSBP crystal was soaked into a cryoprotectant solution containing reservoir solution supplemented with 20% (v/v) glycerol for 5 s and mounted on a goniometer under 100 K of liquid nitrogen stream. Diffraction data were collected by rotating the crystal 360°, and all data were collected with a 1 s exposure time and an oscillation angle of 1°. This was repeated an additional three times, and the diffraction data were collected while rotating for a total of 1080°. The diffraction data were collected using an ADSC Q270 CCD detector. The diffraction images were indexed, integrated, and scaled using the Xia2 program [40]. The diffraction patterns were visualized using ADXV (https://www.scripps.edu/tainer/arvai/adxv.html) (accessed on 9 August 2023).




2.4. Structure Determination


The phasing problems were solved by using the molecular replacement method with MOLREP [41]. The crystal structures of the native RmSBP (PDB code 5Z6V) [38] were used as the search model. Model building was performed using the COOT program [42]. Structure refinement was performed using phenix.refine in PHENIX [43]. The final structures were validated using MolProbity [44]. The structure figures were generated using PyMOL (https://pymol.org) (accessed on 9 August 2023).





3. Results


3.1. Data Collection and Processing


To determine the radiation damage of SeMet containing a Se atom with high-Z dependent on the X-ray dose, X-ray diffraction experiments were performed using recombinant SeMet-RmSBP crystals as model structure samples. SeMet-RmSBP crystals were rotated 360° on a goniometer in a cryogenic environment to collect the diffraction data. To investigate the radiation damage caused by X-ray exposure, the same crystal was exposed to X-rays an additional three times using the same method, and diffraction data were collected. The datasets for the crystal exposed to X-rays 1, 2, 3, and 4 times were named Dose I, II, III, and IV, respectively.



In all of the collected diffraction datasets, the beginning and end images of each set had weaker or missing signals compared to the other images. This was a technical problem that was caused by the X-ray shutter and detector not being accurately synchronized at the beamline. Accordingly, the data quality according to the X-ray accumulation was investigated only using 300 diffraction images (31–330°), thus excluding the intensities observed in the initial (1–30°) and later images (331–360°). In the initial diffraction image of Dose I, a Bragg peak was observed up to around 1.5 Å (Figure 1A). Meanwhile, in the later diffraction image in Dose IV, the Bragg peak was observed up to around 2.4 Å (Figure 1B). The diffraction data analysis revealed that as the crystals are exposed to X-rays, the Bragg peaks near the highest resolution visually decrease as the exposure continues (Figure 1C). In addition, as the X-ray dose increased, the intensity of the Bragg peak in low resolution also decreased. In low resolution, the low-intensity Bragg peak disappeared as the X-ray dose increased.



Meanwhile, the peak intensities in the diffraction images were relatively comparable; however, a direct comparison was not possible because the observed intensity varied depending on the contrast level of the image. Accordingly, data processing was performed to quantitatively demonstrate the radiation damage. To avoid bias in data processing, all diffraction data were automatically processed using the Xia2 program. The resolution cutoff for the diffraction data was applied based on the <I/sigma>, completeness, and CC1/2 of the highest resolution being >1.2, >90%, and >0.5, respectively.



The diffraction limits of the processed Doses I, II, III, and IV were 1.50, 1.58, 1.68, and 1.75 Å, respectively. All data belonged to the monoclinic C2 space group, containing two molecules in an asymmetric unit. Unlike the general increase in unit cell size as the crystal samples undergo global radiation damage [45], all SeMet-RmSBP datasets showed no trend toward an increase in the unit cell size with an increasing X-ray dose (Table 1). Meanwhile, the values of I/sigma, Rmerge, Rmease, and Rpim showed a tendency to decrease as the X-ray dose increased, indicating that radiation damage increases with the X-ray dose (Table 1).



On the other hand, since the diffraction limit is different for each of the four datasets (Doses I–IV), a direct comparison was not appropriate. Accordingly, the highest resolution of Doses I–IV was reprocessed as a set at 1.75 Å, and the values for the data collection and refinement statistics were compared for each dataset.



In the comparisons of the datasets (Doses I–IV), I/sigma showed an overall tendency to decrease as the X-ray dose increased (Figure 2A). Rmerge and Rpim of all the data were similar and near low resolution in the 30–2.6 Å range, but these values showed a gradual increasing trend within 2 Å, and the increase was greater as the dose amount increased (Figure 2B,C).



The CC1/2 data showed similar values from low resolution to around 2.2 Å, whereas the CC1/2 values within 2 Å decreased as the X-ray dose increased (Figure 2D). Considered together, for SeMet-RmSBP, X-ray exposure degrades the data quality and results in an overall decrease in I/sigma regardless of the resolution range. However, the quality of Rmerge, Rpim, and CC1/2 was shown to be significantly lower at a high resolution than at a low resolution.



Among the various data statistics, the Rmerge value is an indicator that is mainly used to determine radiation damage [46,47]. To compare the extent to which the Rmerge value differs depending on the X-ray dose amount in the datasets (Doses I–IV), the Rmerge and SmRmerge values for each image were analyzed (Figure 3). The result showed that the image numbers at approximately 31–80 showed similar Rmerge values regardless of the X-ray dose (Figure 3). In contrast, between the image numbers 90 and 250, the Rmerge value tended to increase as the X-ray dose increased (Figure 3). Even in the image numbers in the 250–330 range, there was a tendency for Rmerge and SmRmerge to increase depending on the X-ray dose; however, this increase was lower than that of image numbers 90–250 (Figure 3).



Meanwhile, around image number 120 of Dose III, the Rmerge and SmRmerge values showed a significant increase compared to the other datasets. As the same volume of crystals was repeatedly exposed to X-rays, this was considered to be due to a difference in the autoprocessing procedure. When the differences in some of these sections were excluded, the overall tendency of Rmerge and SmRmerge to increase was proportional to the X-ray dose. This indicates that differences in the increased Rmerge values may occur depending on the crystal volume exposed to X-rays. Therefore, this suggests that there is a specific section where radiation damage can occur, which is dependent on the location of the crystal exposed to X-rays.




3.2. Structure Determination


The crystal structures of SeMet-RmSBP were determined to identify the radiation damage caused to the RmSBP protein structure and the selenomethionine (Mse) residue. All crystal structures had two molecules in an asymmetric unit. Refinement was performed up to the diffraction limit resolution of each dataset and deposited in the PDB (Table S1). The Rwork/Rfree of Doses I, II, III, and IV were 21.95/24.67, 22.16/22.90, 21.76/25.65, and 22.33/27.03, respectively (Table S1).



The quality of the electron density map and B-factor value can vary depending on the resolution used for the structure refinement. Accordingly, all structures from Doses I–IV were refined with a resolution range of 35.0–1.75 Å (Table 2).



The electron density maps of all the datasets were of good quality and sufficient to construct the amino acids; however, the α3-helix region inherently exhibited a relatively low electron density map quality. The Rwork/Rfree of Doses I, II, III, and IV were 20.89/23.65, 21.21/24.98, 21.74/25.89, and 23.00/25.91, respectively (Table 2). This indicates that the Rwork and Rfree values tended to increase as the X-ray dose increased. The B-factors of the whole protein for Doses I, II, III, and IV were 24.30, 29.91, 20.84, and 31.93, which indicates that the B-factor increased as the X-ray dose increased. To avoid bias in the model building for the water molecules, water molecules were automatically added according to the default parameters during structure refinement in the PHENIX program. The model structures of Doses I, II, III, and IV contained 145, 107, 75, and 72 molecules, respectively (Table 2), which indicates that the electron density map of the water molecules was also affected by radiation damage. Meanwhile, in Doses I, II, and IV, the B-factor of the water molecules tended to increase as the X-ray dose increased, while Dose II showed a higher B-factor compared to the other datasets.




3.3. Analysis of Radiation Damage on SeMet-RmSBP


SeMet-RmSBP consists of a single-domain α/β fold (Figure 4A), which is identical to a previous report [38]. In the B-factor putty representation, the α3-helix, the loop between β4 and β5, and the C-terminal of SeMet-RmSBP showed relatively high flexibilities (Figure 4B), which is similar to the previously reported structural property of RmSBP [39]. Between the two molecules contained in the asymmetric unit, molecule A had a relatively higher B-factor value than molecule B. This is because molecule A was more exposed to the solvent in the crystal than molecule B. The B-factor putty representation indicates that the flexibility increased as the X-ray dose increased (Figure 4A). As the X-ray dose increased, the overall B-factor values increased and tended to increase at a constant overall rate rather than in specific areas (Figure 4B). Accordingly, in SeMet-RmSBP, the absolute B-factor was further increased in areas where the initial B-factor was high (Figure 4B).



High-Z atoms are more sensitive to radiation damage than low-Z atoms [48]. RmSBP consists of 184 amino acids, including 4 Met residues (Met1, Met130, Met167, and Met184). Met1 is within the signal peptide region but is not involved in the construction of the recombinant protein (Pro22–Asn185). Met184 is located at the C-terminal end of RmSBP, which was not observed in the electron density map because the C-terminal end of RmSBP is inherently disordered. Therefore, in the crystal structure of SeMet-RmSBP, the electron density map for the Mse residue can only be observed at the Met130 and Met167 residue positions. To confirm whether Met in the SeMet-RmSBP crystals was successfully substituted with SeMet, structure refinement was performed after model building with the Met residues at Met130 and Met167 in the Dose I dataset. Refinement results revealed that a positive Fo-Fc electron density map was obtained for the near S atom in both the Met130 and Met167 residues (Supplementary Figure S1). This result indicates that SeMet was substituted at the Met130 and Met167 residue positions because Mse has a higher electron density than Met residues.



Next, structure refinement was performed after replacing the Met residues with Mse residues in the Dose I dataset. This result revealed that a partial negative Fo-Fc electron density map was observed at the Se atoms of Mse130 and Mse167 (Figure 5A). This indicates that in the SeMet-RmSBP, the built residue at Mse130 and Mse167 locations has a lower electron density than that of the electrons of native Mse. This includes the possibility that Mse is not completely substituted at the Met position of RmSBP during protein expression or the possibility that radiation damage had already occurred to SeMet in the early X-ray exposure stage. However, it is not possible to distinguish whether the cause of the negative electron density in Mse is due to occupancy or radiation damage. Therefore, the discussion presented in this study focuses on the trends in radiation damage due to X-ray dose accumulation from Doses I–IV. The electron density map of the CG-SE-CE region of the side chain of Mse130 shows a spherical shape and is assumed to potentially have multiple conformations. The electron density map of the side chain of Mse167 showed a distinct distribution for all the atoms, and Mse167 has only one side chain conformation.



In theory, as high-Z atoms are more sensitive to X-ray radiation damage, the induced radiation damage can be greater than that of other amino acids that consist of atoms which have relatively low-Z atoms [49]. The results of the electron density analysis indicated that as the X-ray dose increased, the negative Fo-Fc electron density map at the Se atoms of Mse130 and Mse167 increased (Figure 5A). In contrast, no negative Fo-Fc electron density map was found for the other atoms (C, N, and O) that comprised Mse130 and Mse167 as the X-ray dose increased (Figure 5B). In addition, no notable changes in quality were observed in all the atoms of the Fo-Fc electron density maps. This indicates that as the X-ray exposure increases, Se, which has more electrons in the Mse amino acid, suffers greater radiation damage than C, N, and O atoms, which have relatively fewer electrons.



The B-factor values of the atoms in the Mse130 and Mse167 residues were evaluated (Table 3 and Figure 6). The B-factor values of Mse130 and Mse167 showed a tendency to increase most with X-ray exposure. The average B-factor of the Se atom in the Mse130 residues of Doses I, II, III, and IV was 48.33, 55.84, 59.87, and 63.25 Å2, respectively, and the increase in the B-factor between Doses I and IV was 14.92 Å2. The average B-factor of the CG/CE atom in the Mse130 residues of Doses I, II, III, and IV was 23.39/30.04, 27.78/39.21, 27.28/35.45, and 31.84/40.26 Å2, respectively, and the increase in the B-factor between Doses I and IV was about 8.45/10.22 Å2. Accordingly, the B-factor increase in the Se atom as the dose increased was greater than that of the neighboring atoms. When calculating the ratio by dividing the B-factor of Dose IV by Dose I, the B-factor increasing rates of N, CA, C, O, CB, CG, SE, and CE atoms were approximately 1.57/1.50 (chain A/B), 1.62/1.60, 1.31/1.73, 1.37/1.55, 1.27/1.36, 1.36/1.41, 1.30/1.36, and 1.34/1.68. The absolute B-factor increase of the Se atom of the Mse130 residue was due to the increase in the X-ray dose and was higher than that of the other atoms; however, there was no significant difference in the B-factor increase rate.



The average B-factor of the Mse167 residues in Doses I, II, III, and IV was 26.50, 34.43, 37.98, and 41.94 Å2, respectively, and the B-factor increase between Doses I and IV was approximately 15.44. Å2. The average B-factor of the CG/CE atoms in the Mse167 residues of Doses I, II, III, and IV was 17.24/16.33, 22.96/23.01, 27.45/23.95, and 28.92/24.96 Å2, respectively, and the B-factor increased between Doses I and IV was approximately 11.67/8.63 Å2. When calculating the rate of change by dividing the B-factor of Dose IV by Dose I, the B-factor increase rates of N, CA, C, O, CB, CG, SE, and CE were approximately 1.33/1.40, 1.26/1.67, 1.48/1.52, 1.28/1.44, 1.55/1.58, 1.55/1.86, 1.52/1.64, and 1.57/1.49, respectively. As a result, like with the Mse130 residue, the absolute B-factor increase of the Se atoms in the Mse167 residue because of the increased X-ray dose was higher than that of the other atoms; however, there was no significant difference in the B-factor increase rate.





4. Discussion


Radiation damage is an inherent challenge of MX experiments. A variety of research studies are required to understand this phenomenon and develop data collection strategies that minimize radiation damage. Specifically, it is essential to explore the relationship between the crystal sample characteristics and the extent of radiation damage caused by X-ray exposure over time, specifically as it pertains to the data collection strategies. To advance our knowledge of radiation damage to SeMet, RmSBP crystals substituted with SeMet were used to investigate the phenomena caused by radiation damage via crystal images, electron density maps, and crystal structures following X-ray exposure.



In a general MX experiment, the global radiation damage increases the unit cell volume of the crystal [13,14], which is a good indicator for the estimation of radiation damage during data collection. However, in this study, although global radiation damage occurred in the SeMet-RmSBP crystals due to X-ray exposure, no significant change in the crystal unit cell volume was observed. This is a good experimental example in which the crystal unit cell volume does not increase even when global radiation damage occurs in the crystal. On the other hand, similar to the common radiation damage to crystal structures, the quality of the I/sigma, Rmerge, Rpim, and CC1/2 values of SeMet-RmSBP tended to significantly decrease with the increase in the X-ray dose. However, their figures showed a greater difference according to the X-ray dose near the high resolution than near the low resolution. This indicates that these figures can be utilized to clearly distinguish the near-high resolution when judging or comparing the radiation damage. Analysis of Rmerge and SmRmerge for the collected images showed that there was a significant change in the specific areas rather than an overall decrease in the quality that depended on X-ray exposure. This is considered to vary depending on the shape or area of the crystal exposed to the X-ray.



In the crystal structure of SeMet-RmSBP, the B-factor values tended to increase as the X-ray dose increased. The B-factor of the crystal structure generally increased in proportion to the X-ray dose rather than within a specific area, and no peak was observed in the B-factor plot that could be considered specific to radiation damage. This indicates that the values shown in the B-factor plot were difficult to distinguish because they were the average values of the amino acid atoms. Therefore, it is appropriate to compare the B-factors with atomic units when investigating the specific radiation damage.



In this study, the electron density according to the X-ray dose was analyzed through the SeMet-substituted crystal structure. It was confirmed that the negative Fo-Fc electron density map of the Se atom of the Mse130 and Mse167 residues increased as the X-ray dose increased. However, this was not found in the other O, N, and C atoms of the same amino acid. This is an experimental example showing that the high-Z atom is more sensitive to radiation damage than the other low-Z atoms. On the other hand, through the analysis of the B-factor, it was observed that the B-factor growth rate of each atom of Mse was similar in the datasets of Doses I and II; however, the B-factor increase of the Se atoms was higher than that of the other atoms in terms of the increasing absolute value of the B-factor. This indicates that radiation damage to the Se atom can reduce the quality of the results from the heavy atom evaluation in the experimental phasing of Se-SAD or Se-MAD due to the reduced electron density.



Meanwhile, in this study, a negative Fo-Fc electron density map was observed at the Se positions of the amino acids of the Mse130 and Mse167 residues from the Dose I dataset for the first X-ray exposure. This may be due to the incomplete substitution from the SeMet-RmSBP to Mse amino acids and may have already induced radiation damage with the initial X-ray exposure during the data collection of Dose I, which was not experimentally distinguished or demonstrated. To analyze the radiation damage of the SeMet-substituted proteins more accurately in the future, the following approaches may be considered. First, it will be important to use E. coli B834 (DE3) strains to increase SeMet absorption during protein expression. This strain is a Met auxotroph and allows for high-specific-activity labeling of target proteins with SeMet [50]. Second, Se may be sensitive to X-ray radiation damage. There is a need for a method to collect and compare data by accumulating additional data, which can begin by providing a very low photon flux using an attenuator, etc. These results will enhance our understanding of the radiation damage in SeMet-containing proteins and provide insights into the optimal data collection strategies to address the experimental phase problems using the Se-SAD or Se-MAD techniques.



In this experiment, the tendency of SeMet to undergo radiation damage was investigated using a single SeMet-substituted RmSBP crystal. To draw more generalizable conclusions, future research should involve obtaining statistical values of radiation damage data from multiple SeMet-substituted protein crystals.



On the other hand, radiation damage occurring in SeMet-substituted protein crystals may exhibit different tendencies compared to the radiation damage observed in SeMet-RmSBP, depending on the quality of the crystal used and the properties of X-rays (i.e., beam size, photon flux, energy, etc.). Specifically, the X-ray dose exposed to SeMet-substituted protein crystals varies depending on the properties of X-rays, such as beam size and photon flux. Therefore, the tendency and impact of radiation damage may vary. Consequently, in order to collect Se-SAD or Se-MAD data while minimizing radiation damage, it is important to establish a data collection strategy by conducting radiation damage studies on SeMet-substituted protein crystals in accordance with the X-ray characteristics at the beamline.




5. Conclusions


This study examined both global and specific radiation damage to SeMet-RmSBP crystals and analyzed the experimental radiation damage data for SeMet residues. As X-ray exposure increased, the absolute B-factor value of the Se atom in SeMet exhibited a significantly larger increase compared to other atoms, indicating that Se is more susceptible to radiation damage than them. These findings contribute to broadening our understanding of radiation damage in macromolecular crystallography.
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Figure 1. Diffraction images of selenomethionine (SeMet)-substituted Rhodothermus marinus substrate-binding protein (RmSBP) crystal. Diffraction image of SeMet-RmSBP for (A) Dose I (oscillation angle 120°) and (B) Dose II (120°). (C) Magnified view of the diffraction pattern of SeMet-RmSBP in Dose I, II, III, and IV at a 120°oscillation angle. 






Figure 1. Diffraction images of selenomethionine (SeMet)-substituted Rhodothermus marinus substrate-binding protein (RmSBP) crystal. Diffraction image of SeMet-RmSBP for (A) Dose I (oscillation angle 120°) and (B) Dose II (120°). (C) Magnified view of the diffraction pattern of SeMet-RmSBP in Dose I, II, III, and IV at a 120°oscillation angle.



[image: Crystals 13 01620 g001]







[image: Crystals 13 01620 g002] 





Figure 2. Analysis of the selenomethionine-substituted Rhodothermus marinus substrate-binding protein (SeMet-RmSBP) dataset depending on the X-ray dose. Plot of the (A) I/sigma, (B) Rmerge, (C) Rpim, and (D) CC1/2 values of SeMet-RmSBP for the datasets (Doses I–IV). 
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Figure 3. Analysis of the diffraction images of the selenomethionine-substituted Rhodothermus marinus substrate-binding protein (SeMet-RmSBP) datasets. Profile of the (A) Rmerge and (B) SmRmerge values of SeMet-RmSBP for the datasets (Doses I–IV). 
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Figure 4. Analysis of the temperature factor of selenomethionine-substituted Rhodothermus marinus substrate-binding protein (SeMet-RmSBP) dependent on the X-ray dose. (A) B-factor putty representation of SeMet-RmSBPs from the datasets (Doses I, II, III, and IV). (B) Profile of B-factors of SeMet-RmSBPs from the datasets (Doses I, II, III, and IV). 
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Figure 5. Analysis of the electron density map of selenomethionine (SeMet) residue in selenomethionine-substituted Rhodothermus marinus substrate-binding protein (SeMet-RmSBP) dependent on the X-ray dose. (A) mFo–DFc (green mesh, 3σ; red mesh, −3σ) electron density map of the Mse130 and Mse167 resides in the SeMet-RmSBP from the datasets (Doses I–IV). (B) 2mFo-DFc (marine mesh, 1σ) and mFo–DFc (green mesh, 3σ; red mesh, −3σ) electron density map of the Mse130 and Mse167 resides in the SeMet-RmSBP from the datasets (Doses I–IV). 
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Figure 6. B-factor analysis of the atoms in the Mse130 and Mse167 residues of selenomethionine-substituted Rhodothermus marinus substrate-binding protein (SeMet-RmSBP) for the (A) chain A and (B) chain B from the datasets (Doses I–IV). The number above the bar is the ratio of the B-factor of Dose IV divided by that of Dose I. 
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Table 1. Data collection statistics.
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	Data Collection
	Dose I
	Dose II
	Dose III
	Dose IV





	X-ray source
	Beamline 7A, PLS-II
	Beamline 7A, PLS-II
	Beamline 7A, PLS-II
	Beamline 7A, PLS-II



	X-ray exposure (s/°)
	1
	1
	1
	1



	Total images
	300
	300
	300
	300



	Space group
	C2
	C2
	C2
	C2



	Cell dimension
	
	
	
	



	a, b, c
	63.55, 64.16, 69.86
	63.73, 64.14, 69.76
	63.57, 64.08, 69.61
	63.49, 64.06, 69.54



	α, β, γ
	90.00, 96.06, 90.00
	90.00, 96.10, 90.00
	90.00, 96.13, 90.00
	90.00, 96.16, 90.00



	Resolution (Å)
	39.09–1.50 (1.55–1.50)
	36.56–1.58 (1.64–1.58)
	39.09–1.68 (1.74–1.68)
	39.06–1.75 (1.81–1.75)



	Number of reflections
	252,990 (18,059)
	227,674 (22,949)
	189,080 (19,148)
	167,204 (16,932)



	Unique reflections
	43,941 (4052)
	38,227 (3822)
	31,655 (3159)
	27,946 (2791)



	Completeness (%)
	98.8 (91.6)
	99.75 (100.00)
	99.79 (100.00)
	99.77 (99.96)



	Redundancy
	5.8 (4.5)
	6.0 (6.0)
	6.0 (6.1)
	6.0 (6.1)



	<I/sigma>
	7.7 (1.4)
	7.0 (1.3)
	6.4 (1.2)
	5.9 (1.2)



	R-merge
	0.104 (1.034)
	0.109 (1.304)
	0.123 (1.560)
	0.136 (1.841)



	R-meas
	0.114 (1.179)
	0.120 (1.434)
	0.135 (1.714)
	0.149 (2.023)



	R-pim
	0.048 (0.555)
	0.049 (0.590)
	0.056 (0.703)
	0.062 (0.831)



	CC1/2
	0.997 (0.587)
	0.997 (0.656)
	0.996 (0.608)
	0.997 (0.547)



	Wilson B-factor (Å2)
	17.68
	20.48
	22.31
	23.47







Values for the outer shell are given in parentheses.













 





Table 2. Structure refinement statistics.






Table 2. Structure refinement statistics.












	Refinement
	Dose I
	Dose II
	Dose III
	Dose IV





	Resolution (Å)
	34.66–1.75
	34.74–1.75
	34.68–1.75
	34.67–1.75



	Rwork a
	20.89
	21.21
	21.74
	23.00



	Rfree b
	23.65
	24.98
	25.89
	25.91



	No. of non-H atoms
	
	
	
	



	Protein
	2433
	2433
	2433
	2433



	Water
	145
	107
	75
	72



	R.m.s.deviation
	
	
	
	



	Bonds (Å)
	0.008
	0.023
	0.008
	0.007



	Angles (°)
	0.961
	1.489
	0.948
	0.957



	Average B-factors (Å2)
	
	
	
	



	Protein
	24.30
	29.91
	30.84
	31.93



	Water
	33.09
	39.16
	36.55
	38.01



	SeMet
	19.55
	24.80
	26.20
	28.17



	Ramachandran plot
	
	
	
	



	Favored (%)
	97.73
	97.73
	98.38
	98.05



	Allowed (%)
	2.27
	2.27
	1.62
	1.95







Values for the outer shell are given in parentheses. a Rwork = Σ||Fobs| Σ |Fcalc||/Σ|Fobs|, where Fobs and Fcalc are the observed and calculated structure factor amplitudes, respectively. b Rfree was calculated as Rwork using a randomly selected subset (7.14%) of unique reflections not used for structural refinement.













 





Table 3. B-factor of atoms in the Mse130 and Mse167 residues.
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Chain A (Å2)




	

	
Mse130

	
Mse167




	
Atom

	
Dose I

	
Dose II

	
Dose III

	
Dose IV

	
Dose I

	
Dose II

	
Dose III

	
Dose IV




	
N

	
11.79

	
15.42

	
14.85

	
18.57

	
24.54

	
28.04

	
31.76

	
32.66




	
CA

	
13.13

	
18.00

	
17.81

	
21.38

	
16.92

	
20.82

	
21.17

	
21.38




	
C

	
13.15

	
16.85

	
16.88

	
17.27

	
28.29

	
35.46

	
33.75

	
41.99




	
O

	
15.07

	
18.79

	
19.86

	
20.68

	
25.23

	
30.56

	
30.06

	
32.37




	
CB

	
17.01

	
19.82

	
21.00

	
21.63

	
20.77

	
28.17

	
32.34

	
32.39




	
CG

	
23.39

	
27.78

	
27.28

	
31.84

	
20.97

	
26.70

	
34.42

	
32.66




	
SE

	
48.33

	
55.84

	
59.87

	
63.25

	
28.16

	
35.84

	
39.08

	
43.03




	
CE

	
30.04

	
39.21

	
35.45

	
40.26

	
15.50

	
22.78

	
24.19

	
24.36




	

	
Chain B (Å2)




	

	
Mse130

	
Mse167




	
Atom

	
Dose I

	
Dose II

	
Dose III

	
Dose IV

	
Dose I

	
Dose II

	
Dose III

	
Dose IV




	
N

	
12.12

	
15.33

	
13.97

	
18.23

	
13.28

	
17.31

	
19.23

	
18.69




	
CA

	
11.69

	
17.27

	
14.67

	
18.75

	
12.17

	
19.19

	
20.34

	
20.39




	
C

	
9.56

	
12.71

	
14.47

	
16.54

	
14.41

	
17.09

	
20.61

	
21.91




	
O

	
13.25

	
17.22

	
18.9

	
20.54

	
20.79

	
25.66

	
28.27

	
30.08




	
CB

	
15.12

	
18.00

	
19.62

	
20.63

	
12.93

	
18.73

	
19.05

	
20.45




	
CG

	
21.73

	
27.89

	
25.22

	
30.81

	
13.52

	
19.23

	
20.49

	
25.18




	
SE

	
49.29

	
55.25

	
57.98

	
67.25

	
24.85

	
33.03

	
36.88

	
40.85




	
CE

	
12.01

	
22.21

	
25.25

	
20.19

	
17.16

	
23.24

	
23.71

	
25.57

















	
	
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 author. 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/).








Check ACS Ref