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Abstract

:

The endo-β-1,4-xylanase glycosyl hydrolase (GH11) decomposes the backbone of xylan into xylooligosaccharides or xylose. These enzymes are important for industrial applications in the production of biofuel, feed, food, and value-added materials. β-D-xylopyranose (XYP, also known as β-D-xylose) is the fundamental unit of the substrate xylan, and understanding its recognition is fundamental for the initial steps of GH11’s molecular mechanism. However, little is known about the recognition of a single XYP molecule by GH11. In this study, the crystal structures of GH11 from Thermoanaerobacterium saccharolyticum (TsaGH11) complexed with an XYP molecule were determined at a resolution of 1.7–1.9 Å. The XYP molecule binds to subsite −2 of the substrate-binding cleft. The XYP molecule is mainly stabilized by a π–π interaction with the conserved Trp36 residue. The O2 and O3 atoms of XYP are stabilized by hydrogen bond interactions with the hydroxyl groups of Tyr96 and Tyr192. The conformation of the thumb domain of TsaGH11 does not play a critical role in XYP binding, and XYP binding induces a shift in the thumb domain of TsaGH11 toward the XYP molecule. A structural comparison of TsaGH11 with other GH11 xylanases revealed that the XYP molecule forms π–π stacking with the center between the phenyl and indoline ring of Trp36, whereas the XYP molecule unit from xylobiose or xylotetraose forms π–π stacking with the indoline of Trp36, which indicates that the binding modes of the substrate and XYP differ. These structural results provide a greater understanding of the recognition of XYP by the GH11 family.
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1. Introduction


As industry continues to expand, the demand for fuel is increasing, and the enzymatic conversion of renewable lignocellulosic materials into biofuel is gaining considerable attention as an environmentally friendly and sustainable alternative to fossil fuels [1,2]. Xylan is the major hemicellulose component of plant cell walls and accounts for nearly one-third of the renewable organic carbon sources worldwide [3,4]. Xylan contributes to the rigidity and structural integrity of vascular plants [5]. Xylan consists of a linear D-xylopyranose backbone that is linked by a β-1,4 glycosidic bond, which is branched at the 2- and 3-hydroxy groups with different substituents, such as side-chain substituents, including α-L-arabinofuranosyl, O-acetyl, α-1,2-linked glucuronic acid, and 4-O-methyl-D-glucuronic acid groups [6].



Xylanase (EC 3.2.1.8) is the main enzyme for the degradation of xylan and acts on the xylan backbone to cleave the internal site of the β-1,4-glycosidic bond between the xylopyranosyl residues. During this process, xylanase randomly cleaves the xylan backbone and produces a variety of products, such as xylobiose, xylotriose, xylotetraose, and long or branched xylooligomers [7]. In the Carbohydrate-Active enZYme (CAZy) database, glycosyl hydrolase (GH) families 5, 7, 8, 10, 11, 43, and 52 are classified as xylanases [8,9,10]. Among them, the endo-β-1,4-xylanase GH11 performs enzymatic depolymerization of the xylan backbone to generate xylooligosaccharides and xyloses [11] and is considered a “true xylanase” that specifically recognizes xylan [12]. The GH11 xylanase is highly active on xylan as well as unsubstituted regions of insoluble xylan but has reduced activity on decorated xylan [13].



Xylanase enzymes are widely used in the production of biofuel from agricultural residues, herbaceous crops, forestry residues, wastepaper, and woody crops [14,15,16]. Moreover, this enzyme is widely applied in industry for pulp bleaching, the deinking of wastepaper, improving the digestibility of animal feed, making bread, producing prebiotics, and producing value-added chemicals [17,18,19].



The structure of GH11 consists of a single domain within a β-jelly-roll structure with a unique α-helix packing under β-sheets [12,20]. The typical GH11 substrate-binding site consists of six subsites, namely +3, +2, and +1 to −1, −2, and −3, where each xylose is anchored through noncovalent interactions [12]. Two catalytic glutamate residues hydrolyze the glycosidic bond that occurs between subsites +1 and −1 [21,22].



To elucidate the molecular mechanism, the crystal structures of GH11 complexed with xylooligomers such as xylotriose and xylobiose have been extensively analyzed [23,24,25,26]. However, the identification of a single β-D-xylopyranose (XYP, also known as β-D-xylose) molecule that is the xylan substrate of GH11 remains unknown. The identification thereof is expected to contribute to the understanding of the molecular mechanism for the initial recognition of the first sugar molecule when GH11 recognizes the substrate.



Thermoanaerobacterium saccharolyticum is a hemicellulose-degrading thermophilic bacterium [27] that ferments various carbohydrates, including xylan, xylose, glucose, cellobiose, starch, arabinose, mannose, and galactose [28]. T. saccharolyticum is utilized as a biological catalyst to convert cellulosic biomass into ethanol [27]. The GH11 from T. saccharolyticum (TsaGH11) exhibits a highly efficient Kcat value of 34,015 s−1 at pH 5.0 and 70 °C toward beechwood xylan, thus suggesting its attractive potential for industrial applications [29]. To gain a deeper understanding of its enzymatic activity and molecular mechanisms, the room-temperature structure of TsaGH11 was determined using serial synchrotron crystallography and macromolecular crystallography [29,30,31]. In addition, the crystal structure of TsaGH11 at a basic pH was determined, which revealed subtle pH-induced structural changes of the substrate-binding cleft [32]. This structural information provides insight into the potential industrial application, but the substrate recognition of TsaGH11 remains to be elucidated.



To better understand substrate recognition, the crystal structures of TsaGH11 complexed with XYP were determined at resolutions of 1.7 and 1.9 Å. The XYP molecule was bound to subsite −2 of the substrate-binding cleft and stabilized through π–π interactions with the conserved Trp36 residue. XYP induced a positional shift in the thumb domain of TsaGH11. The positioning of XYP at subsite −2 in TsaGH11 was distinct from the XYP unit in the xylooligosaccharides of other GH11 structures. These structural results will expand our understanding of substrate recognition in TsaGH11 as well as the GH11 family.




2. Materials and Methods


2.1. Protein Preparation


The cloning and purification procedures have been previously reported [29]. Briefly, the recombinant DNA containing the TsaGH11 (UniProt: I3VTR8, 183 residues excluding the signal peptide) gene was transformed into Escherichia coli BL21(DE3) competent cells and cultured in Luria–Bertani broth medium with 50 µg/mL kanamycin on an orbital shaker at 180 rpm and 37 °C until reaching an OD600 of 0.6–0.8. Protein expression was induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and cultured at 18 °C overnight. After cell harvest using centrifugation, the cell pellet was resuspended in lysis buffer containing 50 mM Tris-HCl, 200 mM NaCl, and 20 mM imidazole. The resuspended cells were lysed on ice via sonication. The cell lysate was centrifuged at 18,894× g at 4 °C for 1 h. The supernatant was filtered using a 0.45 μm syringe filter, and the filtered supernatant was applied to a 5 mL Ni-NTA resin column. The resin was washed with >10 column volumes of washing buffer containing 50 mM Tris-HCl, pH 8.0, 300 mM NaCl, and 20 mM imidazole. The proteins were eluted using >5 column volumes of buffer containing 50 mM Tris-HCl, pH 8.0, 200 mM NaCl, and 300 mM imidazole. The His-tag was cleaved by adding thrombin at room temperature overnight. The sample was concentrated using an Amicon Ultra 15 centrifugal concentrator (10 kDa MWCO) for size-exclusion chromatography. Size-exclusion chromatography was performed using an Akta Start instrument with a HiLoad™ 16/600 Sephacryl S-100 pg column. The purified proteins were then concentrated to 20 mg/mL for crystallization.




2.2. Crystallization


The crystallization procedures have been previously reported [32]. Briefly, protein crystallization was performed using the hanging drop vapor diffusion method at 20 °C. The crystallization drop size consisted of 2 µL of the purified TsaGH11 (20 mg/mL) solution and 2 µL of a reservoir containing 0.1 M Tris-HCl, pH 8.5, and 4.0 M ammonium acetate and equilibrated with a reservoir solution (500 μL). Suitable crystals for high-resolution structure determination appeared within 2 months.




2.3. X-ray Diffraction Data


X-ray diffraction data were collected at beamline 11C of the Pohang Light Source II (PLS-II, Republic of Korea) using a Pilatus 6M detector [33]. The X-ray wavelength was 0.9794 Å, and the distance between the crystal and detector was 280 mm. The TsaGH11 crystals were soaked in a crystallization solution supplemented with 10 mM XYP for 10 or 30 min. These crystals were further soaked in a cryoprotectant solution containing the crystallization solution supplemented with 20% (v/v) glycerol for 10 s. The TsaGH11 crystals were then mounted on the goniometer under a 100 K liquid nitrogen gas stream. The diffraction data were processed with HKL2000 [34].




2.4. Structure Determination


The phase problem was solved using molecular replacement using MOLREP [35]. The crystal structure of the apo-state of TsaGH11 at pH 8.5 (PDB code: 8X1D) [32] was used as the search model. Manual model building was performed with COOT [36]. The binding of the XYP molecule was verified through omit map analysis. Structure refinement was performed using the phenix.refine in Phenix [37]. The structure validation was performed using MolProbity [38].




2.5. Bioinformatics


Proteins with sequences similar to TsaGH11 were searched using BLAST [39], and amino acid alignment was performed using Clustal Omega [40]. The structure-based multiple sequence alignment was visualized using ESPript 3.0 [41]. The protein structures were visualized with PyMOL (https://pymol.org/, accessed on 3 March 2024).





3. Results and Discussion


3.1. Structure Determination


To better understand the recognition of XYP on TsaGH11, crystal soaking experiments were performed using a crystallization solution containing the XYP molecule. Two sets of diffraction data were collected to identify the reproducibility of the XYP-binding mode. Each TsaGH11 crystal was soaked in the XYP solution for 10 (Data I) or 30 min (Data II). Both TsaGH11-XYP crystals belonged to the tetragonal space group P43212 with similar unit cell dimensions (a = b = 73.10 Å and c = 165.10 Å for Data I, and a = b = 73.23 Å and c = 164.78 Å for Data II) (Table 1). This crystal space group is identical to the previously determined apo-state of TsaGH11 [32], and its unit cell dimensions (a = b = 72.79 Å and c = 165.63 Å) are similar to those of the XYP-bound TsaGH11 structures. The TsaGH11-XYP I and II crystals diffracted to 1.9 Å and 1.7 Å, respectively (Table 1). The final model structures of TsaGH11-XYP I and II were refined using the Rwork/Rfree values of 17.21/20.67 and 16.52/19.36, respectively.



The electron density map was observed for the entire amino acid sequence (Thr29-Trp211), excluding the N-terminus. The overall structure of TsaGH11-XYP exhibited a typical β-roll fold resembling a right hand, consisting of finger, palm, and thumb domains (Figure 1A), which indicates that the XYP molecule does not affect the overall structure of TsaGH11. The substrate-binding cleft of TsaGH11 is located between the finger and thumb domains and contains six subsites for xylan substrate binding (Figure 1B). The two TsaGH11 molecules in the asymmetric unit displayed distinct open and closed conformations between the finger and thumb domains (Figure 1C,D). These distinct conformations of TsaGH11 are influenced by the crystal packing effects, which are similar to the previous TsaGH11 structure from the identical tetragonal crystal form [29,32]. In the open conformation of TsaGH11-XYP (Molecule A), the distance between the CH2 atom of Trp36 and the CB atom of Pro143 from Data I and Data II was 5.35 and 5.53 Å, respectively (Figure 1C). In the closed conformation of TsaGH11-XYP (Molecule B), the distance between the CZ2 atom of Trp36 and the CB atom of Pro143 from Data I and Data II was 4.17 and 4.25 Å, respectively (Figure 1D). This indicates that the substrate-binding cleft may be slightly altered depending on the XYP soaking time (see below).



The superimposition of the two TsaGH11 molecules in the asymmetric unit from Data I and II yielded values of 0.200 and 0.170 Å, respectively. The superimposition of each open and closed conformation of TsaGH11-XYP from Data I and II revealed high similarity, with root mean square deviations of 0.070 Å and 0.074 Å, respectively. These results indicate that the open and closed conformations of TsaGH11-XYP from Data I and II are very similar. The B-factor values of the open/closed conformation of TsaGH11-XYP from Data I and II were 24.59/34.26 Å2 and 16.55/24.22 Å2, respectively. These results indicate that the closed conformation of TsaGH11-XYP has relatively higher molecular flexibility because of the exposure to a solvent compared to the rigid conformation of the open conformation of TsaGH11-XYP.




3.2. Analysis of XYP Binding in TsaGH11


The positive Fo-Fc electron density map corresponding to the XYP molecule was commonly observed at the −2 subsite of TsaGH11-XYP from Data I and II (Figure 2A), despite TsaGH11 containing six subsites for the binding of XYP units from xylan. This indicates that the −2 subsite of TsaGH11 has a strong affinity for the XYP molecule that constitutes xylan compared to other subsites. This suggests that the −2 subsite of TsaGH11 is crucial for the initial recognition of the xylan substrate.



The B-factor values of XYP in the open/closed conformations of TsaGH11 from Data I and II were 39.30/41.73 Å2 and 26.34/33.41 Å2, respectively, which indicates that the XYP molecule in the open conformation of TsaGH11-XYP was relatively rigid compared to the closed conformation thereof. The XYP molecule is located between Trp36 on the finger domain and the thumb domain. The O1, O2, and O3 atoms of the XYP molecule point toward the palm domain of the substrate-binding cleft of TsaGH11.



The oxygen atoms of the XYP molecule at the −2 subsite on the substrate-binding cleft interact with the substrate-binding residues (Trp36, Tyr96, Pro143, and Tyr192); however, the interaction distances between the residues and XYP differ depending on the TsaGH11 conformation. In addition, the distance between XYP and TsaGH11 differs slightly depending on the dataset. Here, the interaction between XYP and TsaGH11 is analyzed in detail using the high-resolution Data II of TsaGH11-XYP.



In the open conformation of the substrate-binding cleft of TsaGH11, the O1 atom of XYP interacts with the hydroxyl group of Tyr96 at a distance of 3.46 Å (Figure 2B). The O1 atom of XYP is separated from Glu105 by a distance of 3.99 Å. The O2 atom of XYP interacts with the hydroxyl group of Tyr96 and Tyr192 at distances of 3.17 Å and 2.87 Å, respectively. The O3 atom of XYP interacts with the NE2 atom of Gln34 and the OH atom of Tyr192 at distances of 3.73 and 2.68 Å, respectively. The O4 atom of XYP is separated from the NE1 atom of Trp36 at a distance of 4.02 Å. The O5 atom of XYP is separated from the N atom of Ser144 at a distance of 4.17 Å. The distance between the C5 atom of XYP and the CB atom of Pro143 is 4.92 Å. The distance from the ring center of XYP to the center of Trp36 is 4.04 Å (Figure 2B).



In the closed conformation of the TsaGH11 substrate-binding cleft, the O1 atom of XYP interacts with the hydroxyl group of Tyr96 at a distance of 3.31 Å (Figure 2C). The O1 atom of XYP is separated from Glu105 at a distance of 3.70 Å. The O2 atom of XYP interacts with the hydroxyl group of Tyr96 and Tyr192 at a distance of 3.02 and 2.92 Å, respectively. The O3 atom of XYP interacts with the NE2 atom of Gln34 and the OH atom of Tyr192 at a distance of 2.82 Å and 2.57 Å, respectively. The O4 atom of XYP is separated from the NE1 atom of Trp36 at a distance of 4.09 Å. The O5 atom of XYP is separated from the N atom of Ser144 at a distance of 3.62 Å. The distance between the C5 atom of XYP and the CB atom of Pro143 is 4.04 Å. The distance from the ring center of XYP to the center of Trp36 is 4.04 Å (Figure 2C).



Taken together, XYP interacts with the amino acids in the finger, palm, and thumb domains of TsaGH11. Among them, Trp36 in the finger domain interacts with XYP at a specific distance because of the π–π interaction, regardless of the TsaGH11 conformation. This indicates that Trp36 plays a primary role in the interaction of XYP binding at the −2 subsite, while there are hydrogen bond interactions between the hydroxyl group of Tyr96 and Tyr192 in the palm domain, and the oxygen atoms of XYP determine the orientation of XYP within the substrate-binding site of TsaGH11.



Conversely, in the +2 subsite of TsaGH11-XYP in Data II, a long electron density map was observed (Supplementary Figure S1), which was not observed in TsaGH11-Apo and TsaGH11-XYP in Data I. In the 2Fo-Fc electron density map at the 0.7σ contour level, an electron density map corresponding to XYP was observed. As a result of modeling the XYP molecule, the ring structure of XYP and part of the hydroxyl group fit appropriately with the electron density map (Supplementary Figure S1). However, the XYP molecules were not observed at contour level 1σ of the electron density map; therefore, the XYP molecule was not built into the final model structure. This electron density map tentatively indicates that the XYP molecule can also bind to the +2 subsite in addition to the −2 subsite of TsaGH11. However, considering the substrate concentration and incubation time used during the soaking experiment, the affinity or specificity for the single XYP binding at the +2 subsite position is considered to be very low.



However, after hydrolysis of the xylan substrate by TsaGH11, XYP molecules could be generated as reaction products. This indicates that when a high concentration of reaction products is present with TsaGH11 for an extended period, XYP molecules could bind to the −2 and +2 subsites of TsaGH11, which could act as an inhibitor.




3.3. Structure Comparison of Apo and XYP Binding in TsaGH11


To elucidate the structural changes in the substrate-binding cleft because of XYP binding, the open and closed conformations of the high-resolution TsaGH11-XYP (Data II) and TsaGH11-Apo (PDB code: 8X1D) structures were compared. The superimposition of the open and closed conformations of TsaGH11-XYP and TsaGH11-Apo resulted in a root mean square deviation (RMSD) of 0.081 Å and 0.091 Å, respectively.



In the superimposed open conformations of the TsaGH11-XYP and TsaGH11-Apo structures, a substantial shift in the position of the thumb domain was observed (Figure 3A). Specifically, the thumb domain of TsaGH11-XYP moved closer to the −2 subsite of the substrate-binding cleft compared to that of TsaGH11-Apo. In the open conformation of TsaGH11-XYP, the main chains of the Pro143 and Ile145 residues on the thumb domain shifted toward the −2 subsite of the substrate-binding cleft by approximately 0.61 Å and 0.66 Å, respectively, compared to that of TsaGH11-Apo. These results suggest that the XYP molecule induces a positional shift of the thumb domain toward the XYP binding site, which indicates that the thumb domain also contributes to stabilizing the XYP molecule.



In the open conformation, the CE2 atoms of Trp36 in TsaGH11-XPS and TsaGH11-Apo were separated from the CE2 atom of Trp98 by a distance of 9.53 and 9.29 Å, respectively (Figure 3A). The CH2 atoms of Trp36 in TsaGH11-XPS and TsaGH11-Apo were separated from the CB atom of Pro143 on the thumb domain by a distance of 5.53 Å and 5.84 Å, respectively (Figure 3A). This indicates that upon XYP binding in the open conformation of TsaGH11, the width of the substrate-binding cleft of the −2 subsite increases.



In the closed conformation, the CE2 atoms of Trp36 in TsaGH11-XPS and TsaGH11-Apo were separated from the CE2 atom of Trp98 by a distance of 9.28 and 8.85 Å, respectively (Figure 3B). The CH2 atoms of Trp36 in TsaGH11-XPS and TsaGH11-Apo were separated from the CB atom of Pro143 in the thumb domain by a distance of 3.71 Å and 4.25 Å, respectively (Figure 3B). This indicates that in the closed form of TsaGH11 when XYP binds, the width of the substrate-binding cleft of the −2 subsite increases, and the thumb region, which was close to the finger domain in TsaGH11-Apo, moves away from the XYP molecule. As a result, the binding of XYP has structural effects around the −2 subsite and thumb domain of TsaGH11.



Next, the structural effects of the catalytic and conserved Tyr residues in the palm domain because of XYP binding were investigated. A substantial change occurred in the distance between the Glu105 and Glu198 catalytic residues of the active site between TsaGH11-XYP and TsaGH11-Apo (Figure 3C,D). The distances between the catalytic residues in the open/closed conformation of TsaGH11-XYP and TsaGH11-Apo were 5.27/5.31 and 5.17/5.13 Å, respectively. This indicates that when XYP binds to the −2 subsite, the width of the substrate-binding cleft at the active site region expands, which may provide sufficient space and allow the substrate access to the −1 and +1 subsites.



Regarding the conserved Tyr residues in the palm domain of the TsaGH11-XYP open conformation, the hydroxyl group of Tyr96 interacted with the OE2 atom of Glu105 and the OE1 atom of Glu198 at a distance of 2.54 Å and 5.16 Å, respectively. The hydroxyl group of Tyr192 interacted with the NE1 atom of Gln34 and the hydroxyl group of Tyr96 at a distance of 2.81 Å and 4.18 Å, respectively (Figure 3C). In the TsaGH11-XYP closed conformation, the hydroxyl group of Tyr96 interacted with the OE2 atom of Glu105 and the OE1 atom of Glu198 at a distance of 2.61 Å and 5.20 Å, respectively. The hydroxyl group of Tyr192 interacted with the NE1 atom of Gln34 and the hydroxyl group of Tyr96 at a distance of 3.07 Å and 4.03 Å, respectively (Figure 3C).



In the TsaGH11-Apo open conformation, the hydroxyl group of Tyr96 interacted with the OE2 atom of Glu105 and the OE1 atom of Glu198 at a distance of 2.54 Å and 5.03 Å, respectively (Figure 3D). The hydroxyl group of Tyr192 interacted with the NE1 atom of Gln34 and the hydroxyl group of Tyr96 at a distance of 2.99 Å and 4.25 Å, respectively (Figure 3D). In the TsaGH11-Apo closed conformation, the hydroxyl group of Tyr96 interacted with the OE2 atom of Glu105 and the OE1 atom of Glu198 at a distance of 2.61 Å and 5.16 Å, respectively. The hydroxyl group of Tyr192 interacted with the NE1 atom of Gln34 and the hydroxyl group of Tyr96 at a distance of 3.14 Å and 4.02 Å, respectively (Figure 3D).



Taken together, no significant structural differences were observed in the interaction of Tyr96 and Tyr192 in the palm domain with the surrounding amino acids when TsaGH11-XYP and TsaGH11-Apo were in the same conformation. However, a structural difference between the conserved Tyr96 and Tyr192 in the palm domain was observed when TsaGH11 was in a different conformation than when XYP was bound to TsaGH11. This indicates that the conformation of TsaGH11 affects the positional arrangement of the conserved amino acids within the palm domain.




3.4. Structure Comparison of TsaGH11-XYP with Other GH11s


To understand the structural similarities and differences between the recognition of a single XYP molecule and oligoxylose by GH11, the crystal structures of TsaGH11-XYP and oligoxylose-bound GH11 were compared. Through the BLAST analysis, among the GH11s with amino acid sequences similar to TsaGH11, the reported protein crystal structures included XynA from Bacillus subtilis (BsXynA, UniProt: P18429, sequence identity: 72.8%), XynA from Niallia circulans (NciXynA, P09850, 72.8%), GH11 from Paenibacillus xylanivorans (PxyGH11, A0A0M9BNX9, 69.6%), and Xyn11A from Thermopolyspora flexuosa (TflXyn11A, Q8GMV7, 56.8%) (Figure 4A and Supplementary Figure S2). Among these, BsXynA (PDB code: 2QZ3) and NciXynA (1BCX) were mutated to Glu172Ala and Glu172Cys, respectively, and their structures were determined in complex with xylotriose (XYP3) and xylobiose (XYP2), respectively. In BsXynA-XYP3, the XYP molecules were located at the −1, −2, and −3 subsites (Figure 4B). In NciXynA-XYP2, the XYP molecules were located at the −1 and −2 subsites (Figure 4C). The position of the XYP molecules at the −1 and −2 subsites in BsXynA-XYP3 and NciXynA-XYP2 was similar within a subtle movement of <0.6 Å (Supplementary Figure S3). The superimposition of the open/closed conformations of TsaGH11-XYP compared with BsXynA-XYP4 and NciXynA-XYP2 revealed structural similarity with an RMSD of 0.363/0.324 Å (average of two molecules in the asymmetric unit) and 0.275/0.246 Å, respectively. However, the position of the XYP molecule in TsaGH11 was distinct, with the XYP unit at the −2 subsite in BsXynA-XYP3 and NciXynA-XYP2 (Figure 4B,C). The XYP molecule at the −2 subsite in TsaGH11 was shifted by approximately 1.2 Å toward the catalytic residue direction when compared with that of BsXynA-XYP3 and NciXynA-XYP2. In a plan view based on Trp36, the center of the XYP ring bound to TsaGH11 lies at the center of the indole and phenol rings of Trp36 (Figure 4D). Meanwhile, the XYP molecule at the −2 subsite in BsXynA-XYP3 and NciXynA-XYP2 lies in the center of the indole ring of Trp36 (Figure 4D). These results indicate that the recognition and binding modes of a single XYP and oligoxylose molecule by GH11 differ at the −2 subsite. These results indicate that if the XYP unit of the xylan substrate first recognizes and binds at the −2 subsite of TsaGH11, and then other XYP units from xylan bind to another subsite (e.g., the −1 subsite), the XYP molecule that first bound to the −2 subsite may undergo positional rearrangement.



Alternatively, Qln34 of TsaGH11 is not conserved among the GH11 family (Figure 4A). For example, Qln34 in TsaGH11 is replaced by a Ser residue in TflXyn11A (Figure 4A and Supplementary Figure S3). These results indicate that the binding configuration of the XYP molecule in TsaGH11 may differ among the GH11 proteins with different amino acid sequences that interact with the XYP molecule. In addition, differences in the XYP molecule interacting amino acids are considered to affect the initial substrate recognition and binding of GH11, which results in differences in the reaction rate and cleavage efficiency.





4. Conclusions


Structural information on substrate recognition by GH11 is critical not only for understanding their mechanism of action but also for providing insight into protein engineering for the efficient application of GH11. In this study, the structure for the recognition of a single XYP molecule, a component of the xylan substrate, is reported for the first time. These structural analyses will expand the knowledge on XYP recognition and the structural changes of TsaGH11, as well as substrate recognition by the GH11 family.
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Figure 1. Crystal structure of TsaGH11 complexed with XYP. (A) Cartoon representation of the XYP-bound TsaGH11 (Data II, open conformation). Catalytic residues and the XYP molecule are indicated by sticks. (B) Six subsites in the substrate-binding cleft of TsaGH11. (C) Superimposition of the open and closed conformations of TsaGH11-XYP (Data II). Surface structure of the (D) open and (E) closed conformations of TsaGH11-XYP (Data II). 
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Figure 2. XYP binding to the substrate-binding cleft of TsaGH11: (A) 2Fo-Fc electron density maps (1 σ, blue mesh) and Fo-Fc electron density maps (+3 σ, green mesh; −3 σ, red mesh) of the XYP molecule at the −2 subsite. Interaction between XYP and TsaGH11 in (B) open and (C) closed conformations of TsaGH11-XYP. Superimposition of the open and closed conformations of TsaGH11-XYP from (D) Data I and (E) Data II. 
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Figure 3. Structural comparison of TsaGH11-XYP and TsaGH11-Apo. Superimposition of the (A) open and (B) closed conformations of TsaGH11-XYP (cyan) and TsaGH11-Apo (orange). Analysis of the catalytic residues and conserved Tyr96 and Tyr192 residue interactions on the palm domain for the open and closed conformations of (C) TsaGH11-XYP and (D) TsaGH11-Apo. 
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Figure 4. Amino acids and structural comparison of TsaGH11-XYP with other GH11 family proteins. (A) Partial multiple sequence alignment of TsaGH11 (UniProt: I3VTR8) with BsXynA (P18429), NciXynA (P09850), PxyGH11 (A0A0M9BNX9), and TflXyn11A (Q8GMV7). The catalytic and XYP-binding residues in TsaGH11-XYP are indicated by red and blue triangles, respectively. Superimposition of TsaGH11-XYP (cyan) compared with (B) BsXynA-XYP3 (PDB code: 2QZ3, pink) and (C) NciXyn-XYP2 (1BCX, pink). (D) Interaction between XYP molecule and Trp residues from TsaGH11-XYP, BsXynA-XYP3, and NciXyn-XYP2. 






Figure 4. Amino acids and structural comparison of TsaGH11-XYP with other GH11 family proteins. (A) Partial multiple sequence alignment of TsaGH11 (UniProt: I3VTR8) with BsXynA (P18429), NciXynA (P09850), PxyGH11 (A0A0M9BNX9), and TflXyn11A (Q8GMV7). The catalytic and XYP-binding residues in TsaGH11-XYP are indicated by red and blue triangles, respectively. Superimposition of TsaGH11-XYP (cyan) compared with (B) BsXynA-XYP3 (PDB code: 2QZ3, pink) and (C) NciXyn-XYP2 (1BCX, pink). (D) Interaction between XYP molecule and Trp residues from TsaGH11-XYP, BsXynA-XYP3, and NciXyn-XYP2.
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Table 1. Data collection and refinement statistics of TsaGH11-XYP.
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Data Collection

	
Data I

	
Data II






	
X-ray source

	
Beamline 11C, PLS-II




	
Wavelength (Å)

	
0.9794 Å




	
Space group

	
P43212

	
P43212




	
Cell dimension

	

	




	
a, b, c (Å)

	
73.10, 73.10, 165.10

	
73.23, 73.23, 164.78




	
α, β, γ (°)

	
90.00, 90.00, 90.00

	
90.00, 90.00, 90.00




	
Resolution (Å)

	
50.0–1.90 (1.93–1.90)

	
50.0–1.7 (1.73–1.70)




	
Unique reflections

	
35,309 (1721)

	
49,993 (2406)




	
Completeness (%)

	
96.9 (95.7)

	
99.7 (99.4)




	
Redundancy

	
6.0 (4.3)

	
18.7 (11.6)




	
I/σ

	
21.20 (2.04)

	
9.98 (2.73)




	
Rmerge

	
0.109 (0.445)

	
0.150 (0.552)




	
CC1/2

	
0.989 (0.579)

	
0.996 (0.623)




	
CC*

	
0.997 (0.856)

	
0.999 (0.876)




	
Refinement

	

	




	
Resolution (Å)

	
49.33–1.90

	
49.40–1.70




	
Rwork a

	
0.1721

	
0.1652




	
Rfree b

	
0.2067

	
0.1936




	
RMS deviations

	

	




	
Bonds (Å)

	
0.007

	
0.006




	
Angles (°)

	
0.900

	
0.853




	
B factors (Å2)

	

	




	
Protein (Chain A/B)

	
24.59/34.26

	
16.55/24.22




	
XYP (Chain A/B)

	
39.30/41.73

	
26.34/33.41




	
Water

	
40.44

	
33.32




	
Ramachandran plot

	

	




	
Favored (%)

	
97.51

	
97.79




	
Allowed (%)

	
2.49

	
2.21




	
Disallowed (%)

	
0.00

	
0.00




	
PDB code

	
8YYN

	
8YYO








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 of unique reflections not used for structural refinement.
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