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Abstract

:

Xylose Isomerase (XI) is an intramolecular oxidoreductase enzyme and catalyzes the reversible conversion of ketoses and aldoses in addition to the bioconversion of ethanol from xylose in the production of bioethanol from hemicellulose. It has a broad range of industrial applications in the food and pharmaceutical sectors, particularly in the production of the sweetener high fructose corn syrup (HFCS). It is one of the most widely used industrial enzymes after protease. Taking this into consideration, four bacterial XI sources were selected based on growth temperature, i.e., psychrophile, mesophile, thermophile, and hyperthermophile, for analyzing Xylose Isomerase’s structure-function characteristics. It was found that thermophilic XI was structurally less stable than mesophilic and hyperthermophilic XI, whereas structural plasticity ran opposite towards mesophiles. The interaction of xylose isomerase (XI) with two ligands, namely Amino-2-Hydroxymethyl-Propane-1,3-Diol and (4R)-2-Methylpentane-2,4- Diol, was also studied. Mesophilic XI demonstrated better binding affinity with structurally stabilizing amino acids (Ala, Asp, Gly, Leu, and Arg). In comparison, Thermophilic XI showed nearly similar binding affinity with both Amino-2-Hydroxymethyl-Propane-1,3-Diol and (4R)-2-Methylpentane-2,4-Diol. The results of this investigation suggest that thermophilic XI, followed by mesophilic XI, would be the most appropriate for establishing process stability and sustainability in the food industry.
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1. Introduction


Though their biochemical basis is not clearly understood, microbial enzymes and their biocatalytic potential have gained considerable interest in the pharmaceutical, food and other biotechnological industries due to their applicability in the production of vinegar, wine, bread, etc. [1]. Their stability and catalytic activity have caused extensive investigation on their isolation, purification, characterization, and applications.



During the last decades, microbial-enzyme-dependent bioprocesses have increased exponentially and while many recombinant enzymes from bacteria and fungi are used commercially, xylose isomerase is one of the most important and is as widely used an industrial enzyme as amylase and protease [2]. The addition of inducer (xylose) and Co2+ ions to the fermentation medium helps to increase the thermostability of the engaged enzyme to achieve optimum isomerization of glucose to fructose and increase the process’s commercial feasibility [3]. Consequently, recent analysis has reported that XI has a marketplace value of approximately one billion US dollars [4].



Xylose isomerase (EC no. 5.3.1.5) (glucose isomerase, D-xylose ketol isomerase, xylose isomerase or XI, xylose ketol-isomerase, and xylose ketol-isomerase) is widely dispersed in fungi, bacteria, actinomycetes, and even plants [5]. It is an intramolecular oxidoreductase enzyme that plays a key role in the interconversion of aldoses and ketoses [5]. It is widely used in food industries largely for the industrial production of millions of tons of high fructose corn syrup (HFCS) [1,6] and is thus one of the most studied enzymes recently. HFCS has a broad range of uses as it does not cause crystallization in sucrose, and is ~1.3 times sweeter and ~20% cheaper in comparison to sucrose [7]. As a result, it is used for diabetic patients [3]. Furthermore, XI helps to produce bioethanol from hemicellulose by converting xylose to ethanol [8]. Along with natural substrates, XI can isomerize various sugars (pentoses and hexoses), alcohols, and sugar phosphates [3]. Although the substrate specificity can vary for XIs, it shows broad-spectrum activity against different kinds of sugar substrates, such as L-arabinose, D-ribose, L-rhamnulose, and D-allose [5].



However, recent findings have detected some technical difficulties in the isomerization process. For example, the induction of the Escherichia coli K12 XI gene in a recombinant system (pRAC expression vector cloned in E. coli BL21 cells) exhibited XI production of 40% of the total protein content, but with low thermostability [9]. Until now, the introduction and expression of the bacterial XI gene (xylA) in plant systems has only resulted in a >25 fold increase in enzyme production [10].



The aim of this study is to elucidate the structure–function relationship of bacterial XI enzymes so as to combat the technical difficulties at the time of industrialization, using computational analysis to ascertain feasibility and thus commercial usage. For this, XI was selected from four different bacterial sources (hyperthermophile, thermophile, mesophile, and psychrophile) based on their growth temperature. Physicochemical parameters and primary, secondary, and tertiary structures were detected in order to understand the structural stability and validity of the protein models. The functional analysis and molecular docking of the enzymes with small molecules were performed in order to compare structure–function relationships, which may aid in the successful integration of XI in large-scale food industrial processes.




2. Materials and Methods


2.1. Retrieval of the Experimental Sequences


The RCSB PDB Database has protein sequences with crystallographic structure and other information. In this database, ~500 XI sequences of bacterial origin are available based on refinement resolution (Å), classification, and symmetry type. The present study focuses on the structure–function comparison between XIs from different bacteria grown at different temperatures. Therefore, as representatives of each growth temperature, XI enzyme sequences were retrieved from four different bacterial sources: psychrophilic Paenibacillus sp (6INT), mesophilic Streptomyces olivochromogenes (1XYC), thermophilic Thermus thermophilus (1BXB), and hyperthermophilic Thermotoga neapolitana (1A0E) from the RCSB PDB open-source database in both FASTA and PDB format.




2.2. Physicochemical Characterization


The online ExPASY-ProtParam server [10] was used for the determination of the physicochemical parameters of the protein, to understand the nature of the protein. In this case, analysis of the physicochemical attributes of XIs was performed by studying the different characters, viz., amino acid (AA) constitution, molecular weight (MW), theoretical isoelectric point (pI), extinction coefficient, instability index (II), aliphatic index (AI), and grand average hydropathy (GRAVY), using ExPASY-ProtParam [10].




2.3. Structural Analysis


2.3.1. Primary Structure Prediction


Primary structure analysis gives an idea of the amino acid composition where AAs are joined by peptide bonds to form a peptide chain [11,12]. To understand this primary protein structure in the laboratory, different qualitative and quantitative methods are used, such as ion exchange chromatography, biuret test, etc. [13]. The computational platform ExPASY-ProtParam [11] was used to determine the amino acid compositions and to calculate the total number of negatively charged and positively charged amino acid residues.




2.3.2. Secondary Structure Analysis


The secondary structure of a protein is determined by the number of hydrogen bonds in the peptide chain forming different secondary structures. Usually, in the laboratory, the secondary structure of the protein is predicted by NMR (Nuclear Magnetic Resonance) spectroscopic study [14]. Here in the computational analysis, different secondary structural forms such as α-helices, β-sheets, β-turns, and random coils were predicted using the online SOPMA server [15] and the FASTA format of the protein sequences.




2.3.3. Tertiary Structure Analysis


Salt bridges within the tertiary structure play an important role in the structural folding and functionality of the protein. In the laboratory, tertiary structure is normally measured by X-ray crystallography. However, computational analysis can be achieved using in silico tools. ESBRI, a web server [16] was used to assess the combination of salt bridges along with the mean distances of the amino acid pairs present in the salt bridge of the tertiary structure of the retrieved protein sequences. In addition, one online tool, TMHMM [17], was used to predict the presence of transmembrane helices in the tertiary structure of the proteins.





2.4. Homology Modeling and Structural Validation


The tertiary structure provides valuable insight into the functionality of the protein on the molecular level. After tertiary structure evaluation and before docking analyses, homology modeling and validation were performed using various online platforms. The SWISS-MODEL workspace [18] was used to perform 3D homology modeling of the recovered proteins. To find the most suitable and best-fitting protein structures based on model quality, three different scoring approaches were used: QMEAN [19], QMEANDisCo [20], and QMEANBrane [21]. The computational server ERRAT [22] was used to confirm the retrieved crystallographic protein structures by statistically analyzing the non-bonded interaction among different atoms present in the protein sequence [23]. Three-dimensional model structures of the studied proteins were also validated by generating Ramachandran plots using a web-based server, PROCHECK, which helps to find energetically allowed regions for backbone dihedral angles ψ against φ of the amino acids in the peptide chain [24]. RAMPAGE was used to calculate the percentage of amino acids present in the favorable region, allowed region, and outlier region of the proteins [25].




2.5. Functional Analysis


Motifs of the proteins are important to predict their functionality. Motifs present in the presently studied proteins were identified with the help of the online web-based tool MEME suite (Multiple Extraction-Maximization for Motif Elicitation) [26]. All the selected sequences of xylose isomerase were analyzed using the online tool InterProScan to classify them according to the relationship between protein family and important sites of present functional domains [27].




2.6. Molecular Docking Analysis


2.6.1. Preparation of Amino-2-Hydroxymethyl-Propane-1,3-Diol and (4R)-2-Methylpentane-2,4- Diol Ligands


Protein Data Bank in Europe (PDBe), a global repository of macromolecular structural models (https://www.ebi.ac.uk/pdbe/; accessed on 16 July 2022), was used to find enzyme-specific ligands for molecular docking analysis. Three-dimensional structures of the two selected ligands—Amino-2-Hydroxymethyl-Propane-1,3-Diol (C4H12NO3) with a molecular weight of 122.143 Da, and (4R)-2-Methylpentane-2,4-Diol (C6H14O2) with a molecular weight of 118.174 Da—were retrieved in PDB format. These two ligands were chosen for docking analysis based on their binding affinity with proteins as large molecules.




2.6.2. Molecular Docking to Investigate Protein–Ligand Interaction


For cavity-detection guided blind docking, the CB-Dock2 server [28,29] was used. It helped to predict the binding sites of selected proteins by calculating the sizes of the center with a novel curvature-based cavity detection technique [30]. To perform the analyses, both the protein and ligand files were used in PDB format and five possible coupling cavities were identified. The cavity with the lowest binding energy was selected for each protein for the docking analysis. The ligands and proteins were then visualized with the Ball, Stick, and Surface options, respectively.






3. Results and Discussions


3.1. Retrieval of the Experimental Sequences


Sequences of XI enzymes isolated from psychrophilic, mesophilic, thermophilic, and hyperthermophilic bacteria were retrieved from the RCSB-PDB open-source data bank in FASTA and PDB format. These enzymes are from psychrophile Paenibacillus sp. R4 (6INT), mesophile Streptomyces olivochromogenes (1XYC), thermophile Thermus thermophilus HB8 (1BXB), and hyperthermophile Thermotoga neapolitana (1AOE).




3.2. Physicochemical Characterization


Understanding of physicochemical characters along with a comparison between negatively charged amino acids and positively charged amino acids are preliminary steps needed to predict the behavior and nature of the studied protein. In our study, the XI enzyme isolated from four different bacterial sources (psychrophile, mesophile, thermophile, and hyperthermophile) was characterized by distinct physicochemical parameters (Table 1). For proteins alkaline in nature, the theoretical isoelectric point (pI) value will be more than 7; whereas it will be less than 7 for a protein acidic in nature [31]. In this study, all four bacterial isolates have a PI value of less than 7 [Mesophile (4.98) < thermophile (5.33) < psychrophile (5.34) < hyperthermophile (5.47)] indicating that the protein contains more acidic amino acids (aspartic acids or glutamic acids). This result highlights that the mesophile is the most acidic in nature among all studied XI. The stable nature of the studied protein can be predicted from the Instability index value below 40 [32]. XI isolated from the hyperthermophile (29.61) was found to be the most stable with the lowest instability index followed by the thermophile (30.01), psychrophile (30.77), and mesophile (32.95). A higher aliphatic index indicates the thermostable nature of globular proteins based on the amino acid composition of the alanine, valine, and leucine amino acids. XI isolated from the psychrophile is the most thermostable, because of the presence of more aliphatic amino acids. A negative GRAVY value (−0.272, −0.381, −0.411, and −0.377 for the psychrophile, mesophile, thermophile, and hyperthermophile, respectively) indicates the hydrophilic nature of proteins and confirms a better interaction between protein and water [33]. Both the number of positively charged amino acids as well as negatively charged amino acids were found to be highest in hyperthermophile. In addition, the total number of positively charged amino acids was much less than the total number of negatively charged amino acids in all four proteins. Thus, considering the physicochemical parameters overall, the hyperthermophilic XI showed the best structural stability.




3.3. Structural Analysis


3.3.1. Primary Structure Prediction


From the primary structural analysis, it was found that the aliphatic amino acids leucine (11.1% in thermophile, 10.5% in psychrophile, 3.8% in mesophile, 3% in hyperthermophile) and alanine (11.3% in thermophile, 10.5% in psychrophile, 12.7% in mesophile, 7.3% in hyperthermophile) were present in all four XI sequences. The difference in percentages of amino acids contributing to protein structure is represented in Figure 1A. Both positively and negatively charged amino acids were the highest in the hyperthermophile. In addition, the total number of negatively charged amino acids (Asp + Glu) was much higher than the total number of positively charged amino acids (Arg + Lys) in all four proteins (Figure 1B). Ala, Asp, Gly, Leu, and Arg amino acids were present in all protein structures, hence stabilizing the protein structures. Cysteine is hydrophobic and polar in nature [13]. The results confirmed that the studied proteins contain high amounts of aliphatic amino acids with net negative charge and contain no cysteine residues at all. This finding indicates that all four studied proteins are intracellular, nonpolar, and hydrophilic in nature.




3.3.2. Secondary Structure Prediction


In the computational study, the secondary structures of the four bacterial XIs were predicted using the web-based server SOPMA [16]. All the proteins were rich in α-helices (50.68%, 46.89%, 47.03%, and 50.34%, respectively, for the psychrophile, mesophile, thermophile, and hyperthermophile) followed by random coils (32.88%, 35.23%, 36.95%, and 32.05% for the psychrophile, mesophile, thermophile, and hyperthermophile, respectively). The percentage of the extended strand was 10.50%, 12.95%, 11.37%, and 10.84% for the psychrophile, mesophile, thermophile, and hyperthermophile, respectively (Figure 1C). This result predicts that the selected proteins are mainly rich in α-helices and random coils with beta strands having the least presence. A higher percentage of amino acids forming α-helices indicates the temperature stability of any enzyme [34]. On the other hand, a higher percentage of random coils denotes that the enzyme is functionally active [13]. According to this study, thermophilic-origin XI was found to be most functionally active, whereas psychrophilic-origin XI had the most α-helices, i.e., the best temperature stability [34,35,36].




3.3.3. Analysis of Tertiary Structure


The web-based ESBRI platform was used to compute the number of salt bridges as well as to calculate the mean distance between the salt-bridge-forming amino acid residues (Figure 1D). Salt bridges are the hydrogen bonding between positively charged (Arg, Lys, His) and negatively charged amino acids (Glu, Asp) with a maximum interatomic distance of 7.0 Angstrom (Å) [37]. As salt bridges have an important role in structural stability, the presence of a sufficient number of different salt bridges in all the chosen XIs proves that they are structurally stable [13]. The most common salt bridges for the mesophile were HIS-GLU (3.7 Å), LYS-GLU (3.68 Å), and ARG-GLU (3.4 Å); for the hyperthermophile HIS-GLU (3.62 Å); and in the case of the thermophile and psychrophile, all possible salt bridges (HIS-ASP, ARG-ASP, ARG-GLU, HIS-GLU, LYS-GLU, and LYS-ASP) were present with a mean distance between 2.6 and 3.7 Å. From the results, it can be inferred that the mesophile is the most stable followed by the hyperthermophile, psychrophile, and thermophile. Transmembrane helix determination helps to understand the location of the protein, i.e., the presence of the transmembrane helix confirms the transmembrane nature whereas the absence of it determines the cytoplasmic nature of the selected protein [13,17]. From the results, it was found that all the selected XI have no transmembrane helices present in their tertiary structure, thus confirming the cytoplasmic location of the selected XI enzymes.





3.4. Homology Modeling and Structural Validation


The model quality score was analyzed using the ERRAT server for evaluating the error region in crystallographic structure through statistically investigating non-bonded atomic interactions. An error value >95 denotes a crystallographic, structurally stable protein model [22]. Interestingly, overall quality was found to be better for the mesophilic XI (98.95) followed by the thermophile (97.62), hyperthermophile (96.49), and psychrophile (96.15) (Table 2). The stereochemical validation of the selected protein structures was performed by generating Ramachandran plots through the PROCHECK platform [24]. φ-ψ torsion angles were plotted against each other in the Ramachandran plot where, among four quadrants, quadrant 1 contains conformations in the allowed region with rare left-handed α-helices, quadrant 2 has the most favorable sterically allowed regions with the presence of β-strands, quadrant 3 of the plot contains right handed α-helices, and the disfavored region is located in quadrant 4 of the plot.



By studying the generated Ramachandran plots it was found that >95% of residues were present in the favored region of all the selected XI structures, i.e., 92.4% for the hyperthermophilic XI, 89.9% for the thermophilic XI, 91.4% for the psychrophilic XI, and 92.6% for the mesophilic XI (Table 2). This result supports the satisfactory quality of the selected protein models. These selected four models are reliable, as they had no or very few amino acid residues in the disallowed region of the Ramachandran plot. These stereochemical properties were confirmed in RAMPAGE via generating the plot in PstScript format [38]. Examining the plot, it was found that the hyperthermophilic XI had 96.82%, the thermophilic XI had 96.56%, the psychrophilic XI had 96.31%, and the mesophilic XI had 95.96% residues in the highly preferred region of the protein (Figure 2). In the case of all four studied models, >90% of residues lie in favorable regions of the Ramachandran plot, confirming the stable nature of the enzymes [38].



The SWISS-MODEL QMEAN tool was used to estimate the global model quality of the proteins. The target protein structures were compared with non-redundantly available PDB structures to predict the overall quality (Figure 2). The QMEAN Z-score value was −0.30 for the psychrophile, 1.25 for the mesophile, 0.43 for the thermophile, and −0.28 for the hyperthermophile. The expected QMEAN score and Z-average value of a protein should lie within a range of 0–1 [39] and <1 [40], respectively. The QMEAN result accurately showed that all the target proteins lie in the expected region except for the mesophilic XI. QMEAN DisCo scores normally predict the structural model’s consistency based on statistical calculation; a score within the range of 0–1 denotes better model quality [20]. The QMEAN DisCo scores for the present study (0.86 ± 0.05 for the psychrophile, 0.88 ± 0.05 for the mesophile, 0.92 ± 0.05 for the thermophile, and 0.86 ± 0.05 for the hyperthermophile) showed good local model quality and reliability with the residues along with XI sequences.




3.5. Functional Analysis


In silico functional analysis was performed by finding the functional motifs present in the XI sequences. The MEME suite helps find the functional motifs required for the biological activity of any enzyme [13]. In order to identify any protein, motifs are used as signature sequences. The e-value of the predicted motif helps understand the level of functional accuracy. If the e-value is low, then the predicted motifs are more accurate and vice versa [41]. MEME additionally helps predict the consensus sequence, occurrences of sites, and the level of conservation at each position in the pattern [26]. In our present study, XI of all four different bacterial isolates had motifs with functionally accurate e-values i.e., 1.3e+001 for the thermophile, 1.4e+003 for the hyperthermophile, 1.5e+002 for the mesophile, and 1.7e+002 for the psychrophile.



Interproscan helps to classify protein families based on functional genomes [42]. In the case of XI, it was observed that all four chosen proteins have similar sequences. For example, the signature sequence for the bacterial XI family, which confirms the classification of the protein family, is the XI-like TIM barrel domain. This confirms the functionality of the enzymes in catalyzing the isomerization reaction between ketoses and aldoses, genes for XI-like homologous superfamily, and few other unintegrated genomes. The hyperthermophilic XI played a role in the carbohydrate (D-xylose) metabolic process to form ethanol and was present in the bacterial XI family. Being present within the cytoplasm, it promoted intramolecular oxidoreductase activity followed by isomerase activity and catalytic activity, leading to its molecular function. Magnesium ions bind with the enzyme to help in catabolic reactions. XI of thermophilic bacteria was found to actively participate in the D-xylose metabolic process and carbohydrate metabolic process, with molecular xylose isomerase activity similar to that of the previous one. XI of mesophilic bacteria also had a similar kind of biological process and molecular function in the cell cytoplasm to that of thermophilic bacteria. The psychrophilic XI had similar functional properties to those of hyperthermophilic xylose isomerase.




3.6. Molecular Docking to Investigate Protein–Ligand Interaction


Molecular docking helps to effectively predict the relationship between protein structure and ligand molecules [43]. The biological activity of the small molecules with proteins can be determined with docking analysis [44]. The results of CB-DOCK2 are presented in Figure 3. Before docking, the small molecules/ligands [Amino-2-Hydroxymethyl-Propane-1,3-Diol and (4R)-2-Methylpentane-2,4- Diol] were prepared. Substrate binding affinity is an important characteristic for determining binding capacity with the specific enzymes. Four parameters in the field of chemoinformatics, namely, absorption, distribution, metabolism, and excretion (ADME), are required for targeted binding assessment with ligands [45,46]. Enzymes play important roles in cellular biological processes with high industrial value, such as XI in bioethanol production. Hence, mechanistically appropriate binding affinity of the substrate with the enzyme need to be aptly predicted for its future industrial usage [47].



Five possible binding sites of the proteins to interact with the small molecules (ligands) were predicted by calculating the centers and sizes with a novel curvature-based cavity-detection approach using Autodock Vina [30]. The curvature-dependent surface-area model [48] of large molecules (XIs) with small molecules [(4R)-2-Methylpentane-2,4-Diol and Amino-2-Hydroxymethyl-Propane-1,3-Diol] was made using predicted binding affinity interactions between proteins and ligands. Among all predicted binding scores (Vina scores), the interactions with the lowest binding energy were selected (Figure 3). The binding affinity of all the interactions was found to be good. The hyperthermophile had a binding energy of −4.5 KJ/mol for (4R)-2-Methylpentane-2,4-Diol and −5.3 KJ/mol for Amino-2-Hydroxymethyl-Propane-1,3-Diol. The thermophile had a binding energy of −5.1 KJ/mol for both (4R)-2-Methylpentane-2,4-Diol and Amino-2-Hydroxymethyl-Propane-1,3-Diol. The mesophile had a binding energy of −5.4 KJ/mol for (4R)-2-Methylpentane-2,4-Diol and −4.4 KJ/mol for Amino-2-Hydroxymethyl-Propane-1,3-Diol. Finally, the psychrophile had a binding energy of −4.5 KJ/mol for (4R)-2-Methylpentane-2,4- Diol and −5.1 KJ/mol for Amino-2-Hydroxymethyl-Propane-1,3-Diol.



Therefore, the mesophile (1XYC) demonstrated better binding affinity (−5.4 KJ/mol) with the large active cavity docking for (4R)-2-Methylpentane-2,4- Diol as small molecule (Figure 3). The ligand was colored by element (blue: N, red: O, grey: C, and white: H) attached to O or N atoms (Figure 3). The ligand formed a closed cavity-like structure with the help of hydrogen bonds near the end of the coil and atoms of the aromatic ring, which disappear at the time of protein–ligand docking [12].





4. Conclusions


The present study suggests that the chosen four model proteins of XI from different bacterial origins based on growth temperatures are of good quality with stable crystallographic structure. Structural analysis confirms the strict cytoplasmic nature of the bacterial XI enzymes. In addition, they are also thermostable and hydrophilic. From the overall comparison, it was found that the psychrophile is more much structurally stable than the other three bacterial XI. All four enzymes have more than 95% amino acid residues in the energetically favorable region of the Ramachandran plot. From the present in silico study, it was found that the psychrophilic and hyperthermophilic XI are more thermally stable than the mesophile, whereas, because of the presence of random coils, the thermophile and mesophile are more functionally active compared to the other two XIs. From structural validation, it was found that all the XIs are structurally stable with very little variation in their values. Mesophilic XI showed minimal binding affinity with the small molecules [only (4R)-2-Methylpentane-2,4-Diol] denoting the function of the active site of the protein. In addition, the thermophile also has minimum binding affinity for both the ligands [(4R)-2-Methylpentane-2,4-Diol and Amino-2-Hydroxymethyl-Propane-1,3-Diol respectively]. Hence, from the functional point of view, the mesophilic and thermophilic XI can be efficiently used in the food industry in the future. Finally, this comparative in silico structure–function analysis of bacterial XIs will help in designing the necessary laboratory setup to conduct industrial experiments properly in the future by choosing the right candidates.
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Figure 1. Diagrammatic representation of comparison of the primary, secondary, and tertiary structure between xylose isomerase from four different classes (psychrophile, mesophile, thermophile, and hyperthermophile). (A) percentages of amino acids contributing to structural configuration, (B) number of positively charged (ARG + LYS) and negatively charged (ASP + GLU) amino acid residues, (C) different kinds of secondary structures, (D) salt bridge composition along with mean distances. 
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Figure 2. Quality assessment from Ramachandran plot, evaluation of Z-score, and local model quality estimation of (A) hyperthermophile, (B) thermophile, (C) mesophile, and (D) psychrophile. 
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Figure 3. Molecular docking analysis of xylose isomerase enzymes from four different classes, i.e., hyperthermophile (1A0E), thermophile (1BXB), mesophile (1XYC), psychrophile (6INT) against two different small molecules [(4R)-2-Methylpentane-2,4- Diol and Amino-2-Hydroxymethyl-Propane-1,3-Diol]. 






Figure 3. Molecular docking analysis of xylose isomerase enzymes from four different classes, i.e., hyperthermophile (1A0E), thermophile (1BXB), mesophile (1XYC), psychrophile (6INT) against two different small molecules [(4R)-2-Methylpentane-2,4- Diol and Amino-2-Hydroxymethyl-Propane-1,3-Diol].



[image: Cleantechnol 04 00081 g003]







[image: Table] 





Table 1. Comparative physicochemical characteristics of four chosen bacterial xylose isomerase (XI) enzymes from a psychrophile, mesophile, thermophile, and hyperthermophile.
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Serial No.

	
Physicochemical Characters




	
PDB ID

	
Bacterial Isolates

	
Number of AA

	
Theoretical PI

	
MW (Da)

	
II

	
AI

	
GRAVY






	
1.

	
Psychrophile (6INT)

	
Paenibacillus sp. R4

	
438

	
5.34

	
48,880.99

	
30.77

	
84.95

	
−0.272




	
2.

	
Mesophile (1XYC)

	
Streptomyces olivochromogenes

	
386

	
4.98

	
42,791.95

	
32.95

	
78.24

	
−0.381




	
3.

	
Thermophile (1BXB)

	
Thermus thermophilus HB8

	
387

	
5.33

	
43,906.75

	
30.01

	
80.26

	
−0.411




	
4.

	
Hyperthermophile (1A0E)

	
Thermotoga neapolitana

	
443

	
5.47

	
50,761.77

	
29.61

	
79.53

	
−0.377








AA—Amino Acids; MW—Molecular Weight; II—Instability Index; AI—Aliphatic Index; GRAVY—Grand Average Hydropathy.
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Table 2. Comparative assessment of structural quality of four chosen bacterial xylose isomerase (XI) enzymes from a psychrophile, mesophile, thermophile, and hyperthermophile.






Table 2. Comparative assessment of structural quality of four chosen bacterial xylose isomerase (XI) enzymes from a psychrophile, mesophile, thermophile, and hyperthermophile.





	
Serial No.

	
Quality Assesment Scores




	
PDB ID

	
Bacterial Isolates

	
3D-1D Score (%)

	
ERRAT Quality Factor

	
QMEAN Z-Score

	
AA in FR of Ramamchandran Plot (%)






	
1.

	
Psychrophile (6INT)

	
Paenibacillus sp. R4

	
88.70

	
96.15

	
−0.30

	
91.4




	
2.

	
Mesophile (1XYC)

	
Streptomyces olivochromogenes

	
91.06

	
98.95

	
1.25

	
92.6




	
3.

	
Thermophile (1BXB)

	
Thermus thermophilus HB8

	
87.47

	
97.62

	
0.43

	
89.9




	
4.

	
Hyperthermophile (1A0E)

	
Thermotoga neapolitana

	
88.71

	
96.49

	
−0.28

	
92.4








FR—Favorable region.
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