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Abstract

:

Xylose isomerase (XI, also known as glucose isomerase) is an oxidoreductase that interconverts aldoses and ketoses. XI catalyzes the reversible isomerization of D-glucose and D-xylose into D-fructose and D-xylulose, respectively. The molecular function of XI is widely applied in producing high-fructose corn syrup (HFCS) in the food industry and bioethanol from hemicellulose in the biofuel industry. The structural information of XI from diverse strains is important for understanding molecular properties that can provide insights into protein engineering to improve enzyme efficiency. To extend the knowledge of the structural information on XI, the crystal structure of XI from Streptomyces avermitilis (SavXI) was determined at a 2.81 Å resolution. SavXI containing TIM barrel and extended α-helix domains formed the tetrameric assembly. The two metal-binding sites and their coordinating residues showed diverse conformations, providing the structural flexibility of the active site of SavXI. The structural comparison of SavXI and XI homologs exhibited unique metal-binding sites and conformations of the C-terminal α-helix domain. These structural results extend our knowledge of the molecular flexibility and mechanism of the XI family.
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1. Introduction


Xylose is naturally metabolized by several microorganisms, including bacteria, yeast, and fungi [1,2]. Xylose is consumed mainly through three metabolic pathways: the isomerase pathway; the oxidoreductase pathway; and the oxidative pathway, also recognized as the nonphosphorylative pathway [3]. The isomerase pathway is the first step in xylose metabolism in microbial cell physiology after the pentose phosphate cycle [4,5]. In this step, D-xylose is catalytically converted into D-xylulose by xylose isomerase (XI), indicating that XI is important in xylose utilization [6].



XI (also known as glucose isomerase; EC number 5.3.1.5) is an intramolecular oxidoreductase that interconverts aldoses and ketoses [7]. This induces a change in the position of carbonyl groups (C1 and C2) of the chemical structure between the substrate and the product [8]. The represented catalytic reaction of XI is the reversible conversion of D-glucose and D-xylose into D-fructose and D-xylulose, respectively. The XI enzyme also catalyzes the isomerization of L-arabinose into L-ribulose and generates the epimerization of D-xylose and L-arabinose into D-lyxose and L-ribose, respectively [5]. Although the conversion yield is not high, XI enables the conversion of L-rhamnose and D-allulose into L-rhamnulose and D-allose [9,10].



XI is a successful enzyme in various commercial industry applications, such as the food, biochemical, and biofuel fields [7]. In particular, XI is extensively used in the food and beverage industry to produce high-fructose corn syrup (HFCS), a fructose–glucose liquid sweetener alternative to sucrose [11,12,13]. Lignocellulosic biomass is the second major sugar found in most lignocellulosic hydrolysates and a major hemicellulose hydrolysate. The efficient utilization of carbon, such as xylose in lignocellulosic biomass, is economical and sustainable for biofuel and biochemical production [3,14,15]. XI is used in the biofuel industry to produce bioethanol from hemicellulose [16]. To discover and utilize them more efficiently, functional studies are being conducted on new XIs from various strains, and structural studies are continuously being conducted to understand their molecular functions.



Streptomyces is the largest genus of the Actinomycetota class and is widely spread in various environments, such as extreme environments, underexplored habitats, terrestrial and marine regions, symbionts, and endophytes [17,18,19]. The Streptomyces genus is a rich source of secondary metabolites with various biological activities, medicinal chemicals, and novel drug leads [20,21]. This genus is also used as an industrial strain for producing commercial antibiotics, antifungals, therapeutics, and agricultural products [22]. In particular, the Streptomyces genus or XIs from Streptomyces are applied in the isomerization of sugar molecules. For example, Streptomyces rubiginosus exhibits isomerase activity in D-glucose, D-xylose, and L-arabinose [23]. Streptomyces griseofuscus S-41 shows isomerase activity in D-glucose, D-xylose, and D-ribose [24]. Commercially available XI from Streptomyces murinus exhibits isomerase activity for converting L-rhamnulose from L-rhamnose and D-allose from D-allulose [9].



Many successful cases of sugar conversion using these Streptomyces genus-derived XIs have been reported. Considering that >850 species from the Streptomyces genus have been reported [19,25,26], more valuable XIs from the Streptomyces genus can still be uncovered, which apply to valuable industries such as HFCS and bioethanol production. Studies on the engineering of XIs to improve enzyme activity in desired application environments are also being continuously conducted [27,28]. In contrast, the Protein Data Bank (PDB) has only reported the crystal structures of XI from six species of the Streptomyces genus, and structural information on strains belonging to the same genus, which differ in amino acid sequences from these, is limited. Accordingly, structural information, including molecular flexibility and conformational change, for new XIs can provide insights into the enzyme engineering of XIs for potential industrial applications.



Streptomyces avermitilis is a Gram-positive bacterium [29] and is a commercially important bacterial species used for the industrial production of avermectins, a family of broad-spectrum anthelmintic and insecticidal agents [30,31,32]. The XI gene encoded by S. avermitilis consists of 388 amino acids in protein databases. The molecular and structural functions of XI from S. avermitilis are unknown.



In this study, crystallographic studies of the crystal structure of XI from S. avermitilis at 2.81 Å resolution are reported. SavXI showed a tetrameric assembly in solution and crystal structure. It exhibited various conformational flexibilities at the metal-binding site in the active site. The structural similarities and differences in SavXI were compared with other XI structures. These results extend the knowledge of XI structures and provide insights into protein engineering for industrial applications.




2. Materials and Methods


2.1. Protein Preparation


The gene encoding XI from S. avermitilis (UniProt: Q93HF3; 388 amino acids) with an N-terminal thrombin cleavage site was codon-optimized for expression in Escherichia coli and synthesized (Bioneer, Daejeon, Republic of Korea). The synthesized gene was cloned into the pBT7-N-His vector (Bioneer). Recombinant DNA was transformed into E. coli BL21 (DE3) competent cells. The transformed cells were grown in 5 mL Luria–Bertani (LB) medium with 50 μg/mL of ampicillin on an orbital shaker at 200 rpm and 37 °C overnight. This culture was used to inoculate 2 L cultures of LB medium with 50 μg/mL ampicillin, which were grown with an orbital shaker at 180 rpm and 37 °C. When the OD600 reached 0.8, protein expression was induced with 0.5 mM of isopropyl β-D-1-thiogalactopyranoside, and the culture was incubated at 18 °C overnight. Cells were harvested by centrifugation at 4000 rpm at 4 °C for 30 min. The cell pellet was resuspended in lysis buffer containing 50 mM of Tris-HCl (pH 8.0) and 200 mM of NaCl. The resuspended cells were lysed on ice using sonication. Cell debris was removed by centrifugation at 16,000 rpm at 4 °C. The supernatant was filtered using a 0.45 μm syringe filter and applied to a Ni-NTA resin (Qiagen, Valencia, CA, USA) in a column. The resin was washed with 10 column volumes of wash buffer containing 50 mM of Tris-HCl (pH 8.0), 200 mM of NaCl, and 20 mM of imidazole. The protein was eluted with elution buffer containing 50 mM of Tris-HCl (pH 8.0), 200 mM of NaCl, and 300 mM of imidazole. Thrombin protease was added to the elution fraction to cleave the N-terminal His-tag and incubated at room temperature overnight. The protein was concentrated using a concentrator (Merck Millipore, Burlington, MA, USA; cutoff: 30 kDa) and loaded onto a HiPrep 16/60 Sephacryl S-200 HR column (GE Healthcare, Chicago, IL, USA) equilibrated with 10 mM of Tris-HCl (pH 8.0) and 200 mM of NaCl. The purity of the eluted protein solution was assessed using 12% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), and protein concentration was determined using the Bradford assay. The purified protein was concentrated to ~30 mg/mL for crystallization.




2.2. Crystallization


Crystallization screening was performed using the sitting drop vapor diffusion method at 20 °C using a commercial crystallization kit, including the Crystal Screen Kit, PEG/Ion, and Index (Hampton Research, Aliso Viejo, CA, USA). The protein solution (0.5 μL) was mixed with the crystallization screen solution (0.5 μL) and equilibrated with a reservoir solution (70 μL). Three different microcrystals were obtained from the following conditions: (i) Crystal Screen C12: 0.1 M of Tris-HCl (pH 8.5) and 8% (w/v) polyethylene glycol 8000; (ii) Index D10: 0.1 M of Bis-Tris (pH 6.5) and 20% (w/v) polyethylene glycol monomethyl ether 5000; and (iii) Index E10: 0.1 M of Bis-Tris (pH 6.5) and 45% (v/v) polypropylene glycol P400. Suitable crystals for X-ray diffraction were obtained from condition (i) within 5 months.




2.3. X-ray Diffraction Data Collection


X-ray diffraction data were collected at beamline 7A at Pohang Light Source II (PLS-II, Pohang, Republic of Korea) [33]. The SavXI crystal was cryoprotected using a reservoir solution supplemented with 25% (v/v) ethylene glycol for 5 s. The crystal was mounted on a goniometer under a 100 K nitrogen gas stream. Diffraction data were recorded on a Pilatus3 6M detector (DECTRIS, Baden, Switzerland), with a distance of 350 mm between the detector and the crystal. Diffraction data were indexed, integrated, and scaled using HKL2000 [34]. X-ray diffraction images were visualized using ADXV (https://www.scripps.edu/tainer/arvai/adxv.html, accessed on 18 August 2023).




2.4. Structure Determination


The phase problem was solved using molecular replacement, as implemented in MOLREP [35]. The crystal structure of glucose isomerase from Streptomyces rubiginosus (PDB code: 7DFJ) [36] was used as the search model. Manual model building based on an electron density map was performed with COOT [37]. Structure refinement was conducted with phenix.refine in PHENIX [38]. Structure validation was performed using MolProbity [38].




2.5. Bioinformatics and Structure Analysis


The tetrameric interface of SavXI was analyzed using the PDBePISA server [39]. Amino acid alignment was performed using Clustal Omega [40]. Structure-based multiple sequence alignment was visualized using ESPript 3.0 [41]. Protein structures were visualized with PyMOL (https://pymol.org (accessed on 8 March 2024)).





3. Results


3.1. Structure Determination


The codon-optimized SavXI gene for expression in E. coli cells was overexpressed in E. coli BL21 (DE3) with a high expression yield (>20 mg/L). The molecular mass of SavXI was ~150 kDa on size exclusion chromatography, indicating the tetramer state in solution (Figure 1A). SavXI was crystallized in the three following crystallization conditions: (i) Crystal Screen C12: 0.1 M of Tris-HCl (pH 8.5) and 8% (w/v) polyethylene glycol 8000; (ii) Index D10: 0.1 M of Bis-Tris (pH 6.5) and 20% (w/v) polyethylene glycol monomethyl ether 5000; and (iii) Index E10: 0.1 M of Bis-Tris (pH 6.5) and 45% (v/v) polypropylene glycol P400.



In crystallization condition (i), two differently shaped SavXI crystals were grown (Figure 1B). Long rod-shaped SavXI crystals with dimensions of <15 × <15 × >500 μm appeared within 1 month. This crystal form was grown reproducibly from other crystallization batches, but the crystal thickness was not increased. The diffraction experiment showed that long rod-shaped SavXI crystals were diffracted to >20 Å. Another SavXI crystal in the form of an orthorhombic appeared within 5 months, along with long rod-shaped SavXI crystals (Figure 1B). This crystal form was not reproducibly grown on the crystallization optimization experiment within 6 months. The orthorhombic SavXI crystal grown in the crystallization screen plate had crystal dimensions of ~50 × 50 × 100 μm. The diffraction experiment showed that the orthorhombic crystal form was diffracted up to ~2.8 Å (Figure 1C); the crystal structure of SavXI was analyzed in this experiment. SavXI crystals grown under conditions (ii) and (iii) were cubic and cluster-shaped with a size of <50 μm (Supplementary Figure S1). SavXI crystals were reproducibly grown under crystallization conditions (ii) and (iii). However, these SavXI crystals showed poor diffraction with diffraction up to ~20 Å.




3.2. Crystal Structure of SavXI


The SavXI crystal belonged to trigonal space group P3221 with cell dimensions of a = b = 129.13 Å and c = 233.05 Å (Table 1). The SavXI structure was determined at a 2.81 Å resolution with an Rwork and Rfree of 19.66 and 24.21, respectively.



Six SavXI molecules were occupied in an asymmetric unit. The electron density map of SavXI was well defined enough to build the model structure for all the residues (Asn2-Arg387). SavXI monomer had an N-terminal TIM barrel domain and a C-terminal extended α-helix domain (Figure 2A). The TIM barrel domain contained an active site pocket containing two metal-binding sites (M1 and M2) for the isomerization reaction. The C-terminal α-helix domain is involved in intermolecular contacts between the subunits that make up the tetramer [42]. This monomeric SavXI formed the tetrameric assembly with 222 symmetry (Figure 2B). In the asymmetric unit, four molecules exhibited a tetrameric formation, and the other two molecules also formed a tetrameric formation with two symmetric molecules in the crystal lattice (Supplementary Figure S2). In the tetrameric assembly of SavXI, the TIM barrel domains of Molecules A and B (C and D) interacted, creating an active site pocket. The C-terminal extended α-helix domains of Molecules A and B (C and D) interacted with the surrounding TIM barrel domain in a tetrameric formation (Figure 2B). In the tetrameric formation of SavXI, the solvent-accessible area of Molecules A to D was ~19,160 Å2. At the interface between Molecules A and B, there were 120 amino acids. A total of 24.43% of Molecule A (~4657 Å)’s surface was buried in interface A–B. Interface A–B was stabilized by 57 hydrogen bonds and 30 salt bridge interactions between Molecules A and B (Supplementary Table S1). The solvation energy gain in complex formation and the average gain of Molecule A were −22.3 and −10.4 kcal/mol, respectively. At the interface between Molecules A and C, there were 46 amino acids. A total of 7.9% of Molecule A (~1521 Å)’s surface was buried in interface A–C. Interface A–C was stabilized by 26 hydrogen bonds and 16 salt bridge interactions between Molecules A and C (Supplementary Table S2). The solvation energy gain in complex formation and the average gain of Molecule A were −2.6 and −3.5 kcal/mol, respectively. At the interface between Molecules A and D, there were 40 amino acids. A total of 7.4% of Molecule A (~1425 Å)’s surface was buried in interface A–D. Interface A–D was stabilized by 18 hydrogen bonds and nine salt bridge interactions between Molecules A and D (Supplementary Table S3). The solvation energy gain in complex formation and the average gain of Molecule A were −2.4 and −3.4 kcal/mol, respectively. Taken together, numerous amino acids were involved in the tetrameric formation of SavXI, which was stabilized by hydrogen bond and salt bridge interactions.




3.3. Active Site of SavXI


The active site containing two metal-binding sites was located on the TIM barrel domain. The loop between the α1- and α2-helices on the TIM barrel domain from the neighboring molecule was located at the substrate access entrance on the TIM barrel domain (Figure 3A). Consequently, the two TIM barrel domains had their own active sites containing metal binding sites, and each TIM barrel domain contributes to the formation of substrate entry channels for a neighboring molecule. The distance from the metal-binding sites to the substrate-binding entrance in SavXI was ~15 Å (Figure 3B). B-factor analysis revealed that the loops (Thr91-Val98 and Trp137-Glu141) on the substrate-binding entrance of the TIM barrel domain exhibited a rigid conformation, with an average B-factor of 32.84 Å2. In contrast, the α1-α2 loop (Arg23-Asp28) showed relatively high flexibility with an average B-factor value of 41.41 Å2. The average dimensions of the substrate-binding channel entrance were ~6 × 8 Å (Figure 3A), indicating that sugar molecules such as xylose or glucose can access it, but large sugar molecules may not reach the substrate-binding site. During structure refinement, two strong positive peaks (>5 σ) were observed in a Fo-Fc electron density map corresponding to the known metal-binding sites on the active site of SavXI (Figure 3C), indicating that the purified recombinant SavXI contains metal ions at conserved metal-binding sites among the XI family, without adding divalent metal ions. The two metal-binding sites (M1 and M2) were coordinated by conserved metal-binding residues Glu181, Glu217, His220, Asp245, Asp255, Asp257, and Asp287. These metal-binding residues in SavXI are absolutely conserved within the XI family. The XI family required divalent cations such as Mg2+, Mn2+, or Co2+ for the isomerization reaction [43,44]. Class I XI family members, to which SavXI belongs, are known to prefer Mg2+-binding at metal binding sites. When Mg2+ was modeled into two metal-binding sites of SavXI, no negative Fo-Fc electron density maps were observed on the M1 and M2 sites. The B-factor values of the M1/M2 sites modeled with Mg2+ from Molecules A, B, C, D, E, and F were 38.47/40.01, 38.90/36.75, 37.07/35.33, 35.68/33.05, 32.37/44.22, and 29.43/42.56 Å2, respectively, indicating that there is no trend for the B-factor between the M1 and M2 sites. The average B-factor values of Mg2+ at the M1 and M2 sites were 35.32 and 38.65 Å2, respectively, similar to the B-factor value of the protein of 35.87 Å2. Absolutely conserved His and Lys residues are located around the metal-binding site of the XI family, which are involved in substrate opening [45] and isomerization reactions [46], respectively. In the substrate-binding channel of SavXI, the same absolute conserved His54 and Lys183 residues exist, and they are located 6.93 and 4.68 Å away from the M1 and M2 sites, respectively.



The M1 site was coordinated by Glu181, Glu217, Asp245, and Asp287 at distances (averaged from six molecules from the asymmetric unit) of 1.94, 2.26, 2.60, and 1.94 Å, respectively (Figure 3D and Supplementary Table S4). A positive Fo-Fc electron density map was observed at the M1 site, which located the direction of the substrate-binding channel (Supplementary Figure S3). The shapes of these electron density maps from the six molecules in the asymmetric unit varied, indicating that some ligands may bind to the M1 site nonspecifically (see Discussion). The coordination angles of Glu181-M1-Asp245, Glu181-M1-Glu217, Asp245-M1-Asp287, and Glu217-M1-Asp287 were 96.1°, 87.06°, 91.2°, and 87.11°, respectively (Figure 3E and Supplementary Table S5). The M2 site was coordinated by Glu217, His220, Asp255, and Asp257 at distances of 2.31, 2.85, 2.31, and 2.83 Å, respectively (Figure 3D and Supplementary Table S4). The average coordination angles of Glu217-M2-His220, Glu217-M2-Asp287, His220-M2-Asp255, and Asp255-M2-Asp257 were 68.01°, 70.65°, 82.01°, and 72.31°, respectively (Figure 3E and Supplementary Table S5). Taken together, the metal-binding distance of the M1 site was shorter than that of M2, indicating that the M1 site interacts with the metal more tightly than the M2 site. Moreover, in terms of geometry angle, the M1 site maintained coordination that was more stable than the M2 site. The superimposition of the two metal-binding sites on the active site from six SavXI molecules showed that the positions of the M1 and M2 sites and the conformation of the metal-interacting residues are variable (Figure 3F).




3.4. Structural Comparison of SavXI with Other XI Structures


To investigate whether SavXI has unique structural properties, the crystal structure of SavXI was compared with other XI structures deposited in the PDB. The XI family can be divided into class I (~390 amino acids) and class II based on amino acid length, with class II XIs having an N-terminal extension of 40 to 50 amino acids [43]. SavXI belongs to the class I XI family and was compared with other class I XIs from various strains, including Streptomyces albus (SalXI; PDB code: 6XIA), Streptomyces diastaticus (SdiXI; 1CLK), S. murinus (SmuXI; 1DXI), Streptomyces olivochromogenes (SolXI; 1XYC), Streptomyces sp. F-1 (SspXI1; 6N99), Streptomyces sp. F-1 (SspXI2; 6N98), Streptomyces sp. SK (Ssp3XI; 4HHL), S. rubiginosus (SruXI; 5I7G), Arthrobacter sp. (AspXI; 1DID), Actinoplanes missouriensis (AmiXI; 1BHW), Thermus caldophilus (TcaXI; 1BXC), and Thermus thermophilus HB8 (TthXI; 1BXB). SavXI exhibited high amino acid sequence similarity with SalXI (sequence identity: 91.8% in 388 residues), SdiXI (90.7%/388), SmuXI (94.6%/388), SolXI (95.3%/387), SspXI1 (94.8%/388), SspXI3 (93.6%/388), and SruXI (92.5%/388), whereas SavXI had low sequence similarity with SspXI2 (68.1%/386) (Supplementary Figure S4 and Figure 4A). These results indicated that amino acid sequences among XIs within the Streptomyces genus may vary.



All these XI homologs shared the N-terminal TIM barrel and C-terminal α-helix domains, but distinct conformations were observed. The superimposition of SavXI with XI structures from Streptomyces species showed that the Cα positions of SavXI were similar to those of SalXI (r.m.s. deviation: 0.328 Å/376 atoms), SdiXI (0.321/346), SolXI (0.321/358), SspXI1 (0.404/377), SspXI3 (0.296/352), and SruXI (0.328/377) (Supplementary Figure S5). These results indicate that SavXI is structurally similar to SalXI, SdiXI, SmuXI, SolXI, SspXI1, SspXI3, and SruXI. However, these structures exhibit slight differences in the conformation of the metal-binding sites and metal-binding states, and they also show slight differences in molecular flexibility (Supplementary Figures S6 and S7). The main chain conformation of the C-terminal helix domain of SavXI differed from that of SmuXI (0.426/362) and SspXI2 (0.456/321) (Figure 4B,C). The structural difference between the C-terminal α-helix domains of SavXI and SmuXI was caused by a change in the conformation of the side chain of Asp345. In SavXI, the side chain of Asp345 was inside a hook-shaped region of the C-terminal α-helix domain (Figure 4B). Conversely, in SmuXI, the side chain of Asp345 faced outward in a hook-shaped region of the C-terminal α-helix domain, indicating that structural changes in the C-terminal helix domain may vary even if the amino acid sequence is the same. In SspXI2, the low amino acid sequence similarity with SavXI caused different structural properties (Supplementary Figure S4 and Figure 4A). Superimposed structures showed that the main chain position and the conformation of the C-terminal α-helix domain between SavXI and SspXI2 are different (Figure 4C). Accordingly, distinct structural properties of the C-terminal α-helix domain will have different effects on the structural stability of the XI tetrameric formation.



For other species, SavXI had relatively low amino acid sequence similarity with AspXI (63.0% identity in 395 residues), AmiXI (66.8%/394), TcaXI (57.5%/386), and TthXI (58.3%/386) (Supplementary Figure S4 and Figure 4A). The structure comparison of SavXI with AspXI (r.m.s. deviation: 0.478/333 atoms) and AmiXI (0.486/346) revealed two different structural features for the loop between the α10-helix and β10-strand and the C-terminal extended α-helix (Figure 4D,E). The different structural features of the α10-β10 loop of SavXI compared with AspXI and AmiXI were caused by the insertion of six amino acids in AspXI and AmiXI (Figure 4A,D,E). These inserted amino acid regions were located on the surface of the tetrameric AspXI and AmiXI, indicating that these regions may mainly affect XI solubility. The different structural feature of the C-terminal extended α-helix domain of SavXI compared with AspXI and AmiXI was also caused by the insertion of two amino acids in AspXI and AmiXI (Figure 4A,D,E), which may affect the affinity of the tetramer assembly. Significant conformational differences in the C-terminal extended α-helix domain of SavXI were observed when compared with TcaXI (0.668/0.332) and TthXI (0.701/337) (Figure 4F,G). Although the amino acid length of the C-terminal region of SavXI was the same as that of TcaXI and TthXI, the sequence identity was low (Figure 4A). These distinct conformations of the C-terminal region of TcaXI and TthXI caused different structural properties for the tetrameric assembly. These different conformations of the C-terminal hook-shaped region have been suggested to affect the tight tetrameric structure [47].





4. Discussion


Xylose (glucose) isomerase is an essential enzyme for microbial metabolism utilizing xylose and is also an important enzyme in producing HFCS and bioenergy. In this study, the crystal structure of XI from S. avermitilis was reported for the first time, providing structural information for potential XI utilization and enzyme engineering.



The codon-optimized SavXI gene for E. coli expression was overexpressed, confirming its use in industrial applications. Two strong positive peaks (>5 σ) were observed in a Fo-Fc electron density map corresponding to the known metal-binding sites of the recombinant SavXI, indicating that the metal ions at the active site of SavXI may have been spontaneously acquired during protein expression in E. coli or protein purification. General XI exhibited enzyme activity in the presence of Mg2+, Mn2+, or Co2+ [43,44]. During model building, Mg2+ was modeled at the metal-binding site of SavXI due to its common preference in class I XIs. The average B-factor value of the metal-binding sites was reasonable compared with the B-factor value of the protein. However, it was still unclear which metal ions were bound or preferred in SavXI. Therefore, identifying metal ions at the active site of SavXI will be necessary to understand the exact molecular function. In particular, the nature of the metal ions can be established by methods such as inductively coupled plasma mass spectrometry or inductively coupled plasma atomic emission spectrometry from the protein in solution. Moreover, identifying the optimal metal ions for the isomerization reaction will also be required for future industrial applications of SavXI.



The interaction distance and coordinating geometry of the conserved metal-binding residues interacting with metal ions at M1 and M2 sites varied. This could be due to the occupancy of metal ions at the metal site of SavXI or the influence of the molecule bound to the M1 site of SavXI. First, when the metal ion does not completely occupy the metal-binding site of SavXI, the conformation of metal-binding residues may vary depending on the ratio of metal ion occupancy at the metal-binding site. Second, an ambiguous positive Fo-Fc electron density map was observed at the M1 site of SavXI (Supplementary Figure S3), which can affect the metal-binding site. The crystal structure of glucose isomerase from Streptomyces rubiginosus (SruGI) showed that molecules such as water or glycerol derived from cryoprotectant solutions bound to the M1 site [48]. However, the electron density map observed at the M1 site of SavXI differed from that of water or reagents used during crystallization or data collection. Based on the ambiguous shape of the electron density map, it was presumed that potentially heterogeneous molecules were interacting with the M1 site of SavXI. In the crystal structure of SruGI complexed with xylitol, xylitol bound to the M1 site affected the coordination of the metal-ion-binding site at M1 and M2 and the release of the metal ion at the M2 site [36,49]. The heterogeneous molecules bound to the M1 site of SavXI affected the various conformations of the metal-binding M1 and M2 sites along with metal ion occupancy. Accordingly, to analyze the geometry of the metal-binding site of SavXI more accurately, it is necessary to chelate uncertain metal ions in the recombinant SavXI, followed by soaking the metal ions involved in the activity and determining their high-resolution structure.



The substrate-binding pocket of SavXI was formed by two TIM barrel domains from the tetrameric assembly. The substrate entrance was narrowed by the α1-α2 loop from the neighbor TIM barrel domain in tetrameric SavXI. B-factor analysis revealed relatively low flexibility in the loops at the entrance of the TIM barrel, whereas the α1-α2 loop, crucial for determining the dimension of the substrate entrance, exhibited relatively high flexibility. The previous subatomic resolution structure of SruGI complexed with xylitol showed that xylitol inhibitor bound to the M1 site induced the rearrangement of amino acids coordinating the M1 and M2 sites and a conformational change in the substrate-binding channel, including the α1-α2 loop [49]. Considering the high similarity in amino acid sequence and protein structure between SavXI and SruGI, the structure of the substrate-binding entrance of SavXI may influence molecular conformation and flexibility upon substrate binding.



In summary, despite various XIs from Streptomyces being present in the protein database, most have not undergone an analysis of their biological functions or structural characterization. The structural analysis of SavXI presented here will offer valuable structural information for the utilization and protein engineering of Streptomyces-derived XIs. However, structural analysis of SavXI has been conducted using a medium-resolution structure; therefore, high-resolution crystallization is necessary in future studies to obtain more accurate structural information. To provide more valuable information, future biochemical studies of SavXI and the determination of its high-resolution structure with homogeneous or functional metal ion binding will be crucial for further understanding its function and application development.
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Figure 1. Purification, crystallization, and diffraction experiments of SavXI. (A) Gel filtration profile of SavXI indicating the tetrameric state. (Insert) Purity of SavXI on SDS-PAGE. (B) Photo of SavXI crystals grown under condition (i). Two different rod- and orthorhombic-shaped SavXI crystals are grown. Orthorhombic-shaped crystal (close-up view in the blue box) was used for the diffraction experiment. Black and white bars indicate 500 and 100 μm, respectively. (C) Diffraction pattern of SavXI from orthorhombic-shaped crystal. 
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Figure 2. Crystal structure of SavXI. (A) Cartoon representation of monomeric SavXI. The TIM barrel domain contains the active site pocket, with two metal-binding sites indicated by spheres. (B) Tetrameric formation of SavXI. The metal ions in the active site pocket are indicated by spheres. The hook-shaped C-terminal α-helix domain interacting with the TIM barrel domain of the neighboring molecule is indicated by red arrows. 
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Figure 3. Active site of SavXI. (A) Substrate entrance of SavXI formed by the assembly of two TIM barrel domains. The α1-α2 loop from Molecule D contributes to the formation of the substrate entrance channel of Molecule A. (B) Side view of the substrate-binding pocket of SavXI. The surface including the substrate binding channel is indicated by mesh. (C) Fo-Fc omits electron density map (magenta mesh, 5.0 σ) for the metal-binding site on the active site of SavXI. (D) Interactions of M1 and M2 sites with interacting conserved residues of SavXI. (E) Geometries of M1 and M2 sites with their interacting residues for SavXI. (F) Superimposition of metal-binding sites of six SavXI molecules from the asymmetric unit. 
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Figure 4. Amino acid and structure comparison of SavXI with other class I XIs. (A) Partial amino acid sequence alignment of SavXI (UniProt: Q93HF3) with S. albus (P24299), S. diastaticus (P50910), S. murinus (P37031), S. olivochromogenes (P15587), Streptomyces sp. F-1 (A0A1K2FKX8), Streptomyces sp. F-1 (A0A1K2FZ20), Streptomyces sp. SK (Q9ZAI3), S. rubiginosus (P24300), Arthrobacter sp. strain NRRL B3728 (P12070), A. missouriensis (P12851), T. caldophilus (P56681), and T. thermophilus HB8 (P26997). Structure comparison of SavXI (cyan) with (B) SmuXI (PDB code: 1DXI), (C) SspXI2 (6N98), (D) AspXI (1DID), (E) AmiXI (1BHW), (F) TcaXI (1BXC), and (G) TthXI (1BXB). 
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Table 1. Data collection and refinement statistics for SavXI.
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	Data Collection
	SavXI





	X-ray source
	7A beamline, PLS-II



	Wavelength (Å)
	0.9793



	Space group
	P3221



	Cell dimension
	



	a, b, c (Å)
	129.13, 129.13, 233.05



	α, β, γ (°)
	90.00, 90.00, 120.00



	Resolution (Å)
	50.0-2.80 (2.85–2.80)



	Unique reflections
	54,119 (2664)



	Completeness (%)
	97.8 (97.5)



	Redundancy
	6.4 (6.4)



	I/σ
	11.24 (2.1)



	Rmerge
	0.262 (1.260)



	Rmeas
	0.284 (1.360)



	Rpim
	0.107 (0.506)



	CC1/2
	0.977 (0.627)



	CC*
	0.994 (0.878)



	Refinement
	



	Resolution (Å)
	34.21–2.81



	Rwork a
	0.1867



	Rfree b
	0.2427



	R.m.s. deviations
	



	Bonds (Å)
	0.009



	Angles (°)
	1.136



	B factors (Å2)
	



	Protein
	35.87



	Metal ion
	36.99



	Ramachandran plot
	



	Favored (%)
	94.66



	Allowed (%)
	4.77



	Disallowed (%)
	0.56







Values for the outer shell are noted 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 of unique reflections not used for structural refinement.
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