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Deletion of the Loop Linking Two Domains of Exo-Inulinase InuAMN8 Diminished the Enzymatic Thermo-Halo-Alcohol Tolerance
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Inulin is the rich water-soluble storage polysaccharide after starch in nature, and utilization of inulin through hydrolysis of exo-inulinases has attracted much attention. Thermo-halo-alcohol tolerance is essential for exo-inulinase applications, while no report reveals the molecular basis involved in halo-alcohol tolerance of exo-inulinases via experimental data. In this study, two loops of exo-inulinase InuAMN8, including the loop built with 360GHVRLGPQP368 linking domains of Glyco_hydro_32N and Glyco_hydro_32C and another loop built with 169GGAG172 in the catalytic domain, were deleted to generate mutants MutG360Δ9 and MutG169Δ4, respectively. After heterologous expression, purification, and dialysis, InuAMN8, MutG169Δ4, and MutG360Δ9 showed half-lives of 144, 151, and 7 min at 50°C, respectively. InuAMN8 and MutG169Δ4 were very stable, while MutG360Δ9 showed a half-life of approximately 60 min in 5.0% (w/v) NaCl, and they showed half-lives of approximately 60 min in 25.0, 25.0, and 5.0% (w/v) ethanol, respectively. Structural analysis indicated that two cation-π bonds, which contributed to thermal properties of InuAMN8 at high temperatures, broke in MutG360Δ9. Four basic amino acid residues were exposed to the structural surface of MutG360Δ9 and formed positive and neutral electrostatic potential that caused detrimental effects on halo-alcohol tolerance. The study may provide a better understanding of the loop-function relationships that are involved in thermo-halo-alcohol adaptation of enzymes in extreme environment.
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INTRODUCTION

Jerusalem artichoke is widely cultivated in China, even in saline-alkaline soils or coastal shoals, as a non-grain crop and also widely distributed in tropical and temperate countries across the world, since the crop has the advantages of rapid growth as well as the high resistance to pets, cold, drought, salt, and alkali conditions (Qiu et al., 2018; Singh et al., 2019). Tuberous roots of Jerusalem artichoke store inulin with an abundant content as high as 80% of the carbohydrates (Qiu et al., 2018). Inulin is well-known as the rich storage polysaccharide after starch in nature, thus, its utilization has attracted much attention (Singh et al., 2019).

Inulin is a hot-water-soluble polyfructan with a linear structure linked by β-D-(2→1) fructosides and ended by a (1→2) α-D-glucose unit (Qiu et al., 2018; Singh et al., 2019). Compared with other renewable biomass such as lignin, cellulose, hemicellulose, and chitin, biotransformation of inulin is easier on account of the higher water solubility and lower structure heterogeneity and complexity (Saha, 2003; Geib et al., 2008; Stoykov et al., 2015; Singh et al., 2019).

Hydrolysis of inulin using exo-inulinases is a convenient and efficacious biotransformation way owing to that a high-content (90–95%) fructose syrup, which is more than 2-fold fructose concentration produced via conventional multienzymatic transformation of starch, is directly produced through the single-step hydrolysis process (Singh et al., 2018a). Fructose syrup is a generally recognized as safe (GRAS) food ingredient and has been widely used as a sweetener in various food and beverage such as Coca-Cola and Pepsi (Singh et al., 2018a). Fructose is also being used in pharmaceutical industries as the capsule formulation and infusion or injection solution and used as fermentable sugar to produce various valuable chemicals such as butanol, ethanol, single-cell oils, sorbitol, lactic acid, succinic acid, and poly-(γ-glutamic acid) (Qiu et al., 2018; Singh et al., 2019, 2022).

Thermo-halo-alcohol tolerance is essential for enzyme applications in various biotechnology industries. For example, enzymes with good thermal tolerance usually show the advantages of a high reaction rate and solubility of substrates at a high temperature (Xu et al., 2020); salt-tolerant enzymes usually show the ability of processing high salt and marine food such as marine algae, pickles, and sauces, yielding biochemicals and biofuel using sea water (Warden et al., 2015; Cao et al., 2021); alcohol-tolerant enzymes suit for simultaneous saccharification and fermentation using microorganisms to transform biomass to butanol, ethanol, acetone, and other useful chemicals (Li et al., 2018; Singh et al., 2022).

Exo-inulinases are classified in family 32 of glycoside hydrolases (GH32), which usually consist of two domains, with the N-terminal catalytic domain belonging to Glyco_hydro_32N (PF00251) and the C-terminal domain belonging to Glyco_hydro_32C (PF08244) (Mistry et al., 2021). To date, studies on thermal properties and substrate recognition, as well as related mechanisms of exo-inulinases, have been reported (Nagem et al., 2004; Arjomand et al., 2016; Zhou S. H. et al., 2016; Singh et al., 2018b; Germec and Turhan, 2019, 2020; Ma et al., 2019, 2020; He et al., 2020, 2022; Zhang et al., 2020; Wang et al., 2021). Among these studies, deletion of loops at the N-terminal tail and catalytic domain influences the thermal performance of exo-inulinases (Arjomand et al., 2016; He et al., 2020, 2022). However, the effects of loops, especially the loop in the linking region, on the thermo-halo-alcohol tolerance of exo-inulinases remain unclear.

Previously, the low-temperature-active and salt-tolerant exo-inulinase InuAMN8 was isolated in our lab from Arthrobacter sp. MN8, which was a cold-adapted bacterium harbored in lead-zinc-rich soil (Zhou et al., 2015a). To the best of our knowledge, only InuAMN8 shows an optimal exo-inulinase activity at 35°C (Zhou et al., 2015a), while others show optimal exo-inulinase activity at the temperature range of equal to or higher than 40°C (Kango and Jain, 2011; Singh et al., 2017). In this study, the loop linking domains of Glyco_hydro_32N and Glyco_hydro_32C of InuAMN8 were deleted, and the effects of the loop deletion on the thermo-halo-alcohol tolerance and structural properties were investigated. The study may provide a better understanding of the loop-function relationships that are involved in thermo-halo-alcohol adaptation of enzymes in extreme environment.



MATERIALS AND METHODS


Chemicals, Plasmids, and Strains

The commercial reagents include Mut Express II Fast Mutagenesis Kit for enzyme mutagenesis (Vazyme Biotech, Nanjing, China), isopropyl-β-D-1-thiogalactopyranoside for recombinant enzyme induction (Amresco, Solon, OH, United States), Escherichia coli BL21 (DE3) for recombinant enzyme expression (TransGen, Beijing, China), nickel-NTA agarose for recombinant enzyme purification (Qiagen, Valencia, CA, United States), dialysis bag with a molecular weight cutoff of 44 kDa for removing the elution reagent of enzyme purification (Biosharp, Hefei, China), substrate inulin for enzymatic reaction (Thermo Fisher Scientific, Waltham, MA, United States), microplate for enzymatic assay (Corning, NY, United States), and silica gel G plate for thin-layer chromatography (Haiyang, Qingdao, China). Other commercial reagents are of analytical grade and purchased from regular suppliers.

Previously, exo-inulinase InuAMN8 (accession number AGC01505) was isolated from Arthrobacter sp. MN8 deposited in the Strains Collection of the Yunnan Institute of Microbiology under registration no. YMF 4.00006, and InuAMN8-encoding gene (accession number JQ863111) was ligated to vector pEASY-E1 (TransGen) and heterologously expressed in E. coli BL21 (DE3) (Zhou et al., 2015a).



Multiple Amino Acid Sequences Alignment and Structure Modeling

Representative amino acid sequences of GH32 from the Pfam database (Mistry et al., 2021) and InuAMN8 were aligned using Clustal X (Chenna et al., 2003), then manually adjusted. The tertiary structures of InuAMN8 and its mutants were homologously modeled using SwissModel (Guex et al., 2009), and model quality was evaluated using Verify3D (Eisenberg et al., 1997) and PROCHECK (Laskowski et al., 1993) programs ran on the SAVES server of the UCLA-DOE Institute for Genomics and Proteomics. Structures of InuAMN8 and its mutants were visualized using the Discovery Studio software (Accelrys, San Diego, CA, United States).



Vectors of Mutants Construction

Primer sets for mutagenesis were designed using the CE Design software (Vazyme Biotech), with the expression plasmid (pEASY-inuAMN8) of wild-type InuAMN8 as a sequence template, which was constructed previously (Zhou et al., 2015a). The primer set for mutant MutG169Δ4 (deletion of residues 169GGAG172) was TGGTACGACAGTTACTGGGTGATGGTCGCCGTC and CCA GTAACTGTCGTACCAAAAAACCTTTGGATC. The primer set for mutant MutG360Δ9 (deletion of residues 360GHVRLGPQP368) was AGCGGGAAACATTGGCGTCCGGC GTTCTG and ACGCCAATGTTTCCCGCTCCGGCAA. The primer set for mutant MutV376Δ5 (deletion of residues 376VPAAA380) was GTTCTGGACTCCGTGGCGCGGATCGAC and CGCCACGGAGTCCAGAACGCCGGACGC.

According to the manufacturer’s instructions of Mut Express II Fast Mutagenesis Kit V2, mutated vectors were obtained via amplification with polymerase chain reaction, digestion with restriction enzyme DpnI, and homologous recombination with the enzyme Exnase.



Recombinant Enzyme Induction and Heterologous Expression

The E. coli BL21 (DE3) competent cells were CaCl2-heat-shocked for the transformation of the mutated vectors. After that, mutated vectors were methylated in E. coli BL21 (DE3) cells. Positive transformants harboring the mutated sequences were individually confirmed by DNA sequencing of plasmids (Tsingke, Beijing, China).

Details of mutated enzyme induction and heterologous expression are the same as that of wild-type InuAMN8 and have been described previously (Zhou et al., 2015a). Briefly, the induction and expression of recombinant enzyme were performed using isopropyl-β-D-1-thiogalactopyranoside as an induction reagent, Luria-Bertani broth with 100 mg ml–1 ampicillin as culture medium, and shaking at 200 rpm and 20°C for approximately 20 h as induction conditions.



Recombinant Enzyme Purification and Dialysis

Wild-type InuAMN8 and its mutants were expressed inside the cells of E. coli BL21 (DE3). The host cells were harvested by centrifugation at 12,000 × g for 10 min at 20°C and then disrupted by sonication (20–24 kHz) on ice, as described previously (Zhou et al., 2015a). Recombinant enzymes in the sonication-disrupted solution were purified using immobilized His6-tag affinity chromatography, with the purification reagents containing 20 mM Tris–HCl (pH 7.2), 0.5 M NaCl, 10% (w/v) glycerol, and 300 mM imidazole.

With regard to the effects of NaCl and glycerol on exo-inulinase property (Zhou et al., 2014, 2015a), the elution of affinity chromatography, which contained purified enzymes, were dialyzed with the dialysis bag against McIlvaine buffer (pH 7.0) at 12°C, shaking at 60 rpm for an appropriate time.

The purity of purified wild-type InuAMN8 and its mutants were evaluated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) experiments.



Recombinant Enzyme Characterization

Exo-inulinase activity of purified wild-type InuAMN8 and its mutants were determined by the classic 3,5-dinitrosalicylic acid (DNS) method (Miller, 1959), with 450 μl of 0.5% (w/v) inulin solution used as the substrate. After the substrate preheat at the reaction temperature, 50 μl of purified wild-type InuAMN8 or the mutated enzyme was pipetted into the substrate solution to initiate the catalytic activity. To stop the catalytic activity, 750 μl of the DNS reagent was pipetted into the reaction mixture. The hydrolytic products, including fructose and a small amount of glucose, reacted with DNS to show a reddish-brown product in a boiling water bath. The absorption of the reddish-brown product was measured at 540 nm using a microplate reader. One unit of exo-inulinase activity was defined as the amount of enzyme releasing 1 μmol of fructose per minute. Experiments of enzyme characterization were performed in triplicate.

Activity determination of purified wild-type InuAMN8 and its mutants was individually carried out in pH 7.0 McIlvaine buffer at 0–60°C, 5.0–25.0% (w/v) NaCl, or 3.0–25.0% (v/v) ethanol. Stability determination was to measure the residual activity at 37°C in pH 7.0 McIlvaine buffer after individually incubating these purified enzymes at 50°C for 10–60 min, 5.0–25.0% (w/v) NaCl for 60 min, or 3.0–25.0% (v/v) ethanol for 60 min in the absence of inulin. More details have been described in the previous study (Zhou et al., 2015a). Half-lives of enzymes at 50°C (t1/2) were calculated according to the stability data using the equation: Half-life = ln0.5/(–kd), where kd is the slope plotted with ln(activity) vs. time.

The thin-layer chromatography method, performed as described previously (Zhou et al., 2015a), was employed to visualize the hydrolysis products of purified wild-type InuAMN8 and its mutants toward inulin, after enzymatic reactions carried out at 37°C, pH 7.0 for 4 h.



Structural Analyses of Enzymes

Intraprotein interactions of InuAMN8 and its mutants, including salt bridges (oxygen-nitrogen distance cutoff: 3.2Å) and energetically significant cation-π interactions (distance cutoff: 6.0 Å), were predicted using VMD (Humphrey et al., 1996) and CaPTURE (Gallivan and Dougherty, 1999), respectively, and visualized using the Discovery Studio software (Accelrys).




RESULTS


Multiple Amino Acid Sequences Alignment and Structure Modeling

The homology model of InuAMN8 ranking first in the SwissModel modeling results was selected for the study. The model used the exo-inulinase from Aspergillus awamori var. 2250 (PDB ID 1Y4W) as template (Arand et al., 2002), with an amino acid sequence identity of 42.1%. The Ramachandran plot of the InuAMN8 model generated with PROCHECK showed 99% residues in allowed regions (Supplementary Figure 1). VERIFY3D results of the InuAMN8 model indicated that 99.39% of the residues had an averaged 3D-1D score equal to or higher than 0.2 (Supplementary Figure 2).

To identify the suitable mutagenesis region, multiple amino acid sequences alignment and structure model were combined to analyze. The alignment of InuAMN8 with representative amino acid sequences of GH32 showed an unconserved region from residues P355–I385 of InuAMN8 (Figure 1). The InuAMN8 model indicated that two loops were built with residues P355–I385, including one loop built with 360GHVRLGPQP368 linking domains of Glyco_hydro_32N and Glyco_hydro_32C, as well as another loop built with 376VPAAA380 (Figure 2). Thus, the deletion of 360GHVRLGPQP368 and 376VPAAA380 was performed to generate mutants MutG360Δ9 and MutV376Δ5, respectively. Furthermore, domains of Glyco_hydro_32N and Glyco_hydro_32C of InuAMN8 were also linked by a 310-helix plus β-strands structure built with residues N312–I351 (designated as LK1) and a 310-helix structure built with residues D352–T359 (designated as LK2) (Figure 2).


[image: image]

FIGURE 1. Partial alignment of amino acid residues of InuAMN8 with seed sequences of GH 32 from Pfam database (Mistry et al., 2021). Residues 360GHVRLGPQP368 and 376VPAAA380 selected for mutagenesis are underlined.
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FIGURE 2. The tertiary structure of InuAMN8. Catalytic amino acid residues are shown in ball and stick form.


Nine Ω-loops were observed in the catalytic domain of Glyco_hydro_32N of exo-inulinases (Arjomand et al., 2016). Two of the nine Ω-loops have been deleted previously and resulted in thermostability loss of exo-inulinases (Arjomand et al., 2016; He et al., 2022). To compare the effects between the deletion of the Ω-loop in the catalytic domain and the loop built with 360GHVRLGPQP368 in the linking region on thermo-halo-alcohol tolerance, the Ω-loop built with 169GGAG172 in the catalytic domain was also deleted to generate the mutant MutG169Δ4 (Figure 2).



Enzyme Expression in Escherichia coli

The expression vectors for mutants MutG169Δ4, MutG360Δ9, and MutV376Δ5 were successfully constructed using the Mut Express II Fast Mutagenesis Kit V2 and then transformed to E. coli BL21 (DE3) competent cells separately. After induction of positive transformants with isopropyl-β-D-1-thiogalactopyranoside, enzymatic activities of MutG169Δ4 and MutG360Δ9 toward inulin were observed in the supernatant of disrupted cells solution. In contrast, the enzymatic activity of MutV376Δ5 was not observed.

Crude MutG169Δ4, MutG360Δ9, and MutV376Δ5, as well as the wild-type InuAMN8 in the supernatant of disrupted cells solution, were individually loaded onto nickel-NTA agarose gel columns and eluted with the purification reagents containing 20 mM Tris–HCl (pH 7.2), 0.5 M NaCl, 10% (w/v) glycerol, and 300 mM imidazole. Elutions were dialyzed against McIlvaine buffer (pH 7.0) on account of the effects of NaCl and glycerol in the elution on exo-inulinase property (Zhou et al., 2014, 2015a). As shown in Figure 3, SDS-PAGE analysis indicated that the wild-type InuAMN8 and its mutants MutG169Δ4 and MutG360Δ9 were successfully heterologously expressed and purified to electrophoretic purity, while the band of mutant MutV376Δ5 was not observed. SDS-PAGE and enzymatic activity assay indicated that the mutant MutV376Δ5 was not expressed in E. coli BL21 (DE3). Thus, thermo-halo-alcohol characteristics of MutV376Δ5 were not determined.
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FIGURE 3. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis of purified wild-type InuAMN8 and its mutants. Lane M, protein molecular weight marker.




Thermo-Halo-Alcohol Characteristics of Purified Enzymes

The thermal activity assay indicated that purified wild-type InuAMN8 and its mutants MutG169Δ4 and MutG360Δ9 were maximally active at 35, 40, and 35°C, respectively (Figure 4A). All of the three enzymes showed approximately 15% relative activity at 0°C, while InuAMN8, MutG169Δ4, and MutG360Δ9 showed 40.0, 52.1, and 11.6% relative activities at 50°C, respectively (Figure 4A). The thermostability assay indicated that purified wild-type InuAMN8 showed 88.3–82.4% residual activities after incubation of the enzyme at 50°C for 10–60 min (Figure 4B). At the same incubation conditions, MutG169Δ4 showed 97.9–76.2% residual activities, while MutG360Δ9 showed only 12.9–0% residual activities (Figure 4B). Values of t1/2 at 50°C were 144, 151, and 7 min for InuAMN8, MutG169Δ4, and MutG360Δ9, respectively. Thus, the above results revealed that the thermal tolerance of exo-inulinase InuAMN8 was affected slightly after 169GGAG172 deletion while that diminished greatly after 360GHVRLGPQP368 deletion.
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FIGURE 4. Thermo-halo-alcohol characteristics of purified wild-type InuAMN8 and its mutants. (A,C,E) indicate activity assay; (B,D,F) indicate stability assay. The error bars represent the means ± SD (n = 3).


The halo tolerance and alcohol tolerance of exo-inulinase InuAMN8 were also affected slightly after 169GGAG172 deletion, while that were diminished greatly after 360GHVRLGPQP368 deletion. Adding 5.0–20.0% (w/v) NaCl to the reaction mixture, InuAMN8, MutG169Δ4, and MutG360Δ9 showed 79.1–28.7%, 75.7–24.6%, and 55.8–16.2% of the initial activity, respectively (Figure 4C). After incubation of purified enzymes in 5.0–25.0% (w/v) NaCl for 60 min, InuAMN8 and MutG169Δ4 were very stable as activity loss was not observed, while MutG360Δ9 showed only 47.0–20.5% residual activities, with a half-life value of approximately 60 min in 5.0% (w/v) NaCl (Figure 4D). Adding 3.0–10.0% (v/v) ethanol to the reaction mixture, InuAMN8, MutG169Δ4, and MutG360Δ9 showed 70.8–32.9, 79.6–33.6, and 53.8–14.6% of the initial activity, respectively (Figure 4E). After incubation of purified enzymes in 3.0–25.0% (w/v) ethanol for 60 min, InuAMN8, MutG169Δ4, and MutG360Δ9 showed 96.3–57.4, 97.0–58.7, and 74.3–12.2% residual activities, respectively (Figure 4F). Half-life values of InuAMN8, MutG169Δ4, and MutG360Δ9 were approximately 60 min in 25.0, 25.0, and 5.0% (w/v) ethanol, respectively.

Regarding the unclear mechanisms of exo-action and endo-action of GH 32 exo-inulinases, thin-layer chromatography was performed. It showed that fructose was the end-product of inulin hydrolysis by InuAMN8, MutG169Δ4, and MutG360Δ9. The results revealed that the deletion of 169GGAG172 and 360GHVRLGPQP368 did not change the exo-action mode of the enzyme.



Structural Characteristics

To compare structural characteristics between wild-type InuAMN8 and its mutants, the homology models of MutG169Δ4 and MutG360Δ9 were also successfully built using the exo-inulinase from A. awamori var. 2250 (PDB ID 1Y4W) as a template. The Ramachandran plot of MutG169Δ4 and MutG360Δ9 models generated with PROCHECK showed 99.0 and 98.8% residues in allowed regions, respectively (Supplementary Figure 1). VERIFY3D results of MutG169Δ4 and MutG360Δ9 models indicated that 99.8 and 92.7% of the residues had an averaged 3D-1D score equal to or higher than 0.2, respectively (Supplementary Figure 2).

The numbers of salt bridges detected in the tertiary structures of InuAMN8, MutG169Δ4, and MutG360Δ9 were 27, 26, and 27, respectively. The numbers of energetically significant cation-π interactions detected in the tertiary structures of InuAMN8, MutG169Δ4, and MutG360Δ9 were 6, 7, and 4, respectively. Notably, two cation-π interactions formed by amino acid residues F22 with R357 and F436 with R424 in InuAMN8 broke in MutG360Δ9 (Figure 5).
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FIGURE 5. Comparisons of cation-π interactions between wild-type InuAMN8 and MutG360Δ9. Residues involved in cation-π interactions are shown in stick form.


After removing 360GHVRLGPQP368, LK2 changed from a 310-helix structure into a loop structure (Figure 6), and the residue R357 in LK2 was too far away from F22 to form a cation-π bond (Figure 5). The change of LK2 and break of the cation-π bond showed a Tamino domino effect on the Glyco_hydro_32C structure and the linking region: (1) the cation-π bond formed by F436 with R424 far from LK2 broke in the mutant MutG360Δ9 (Figure 5); (2) two basic amino acid residues R19 and R450 were exposed to the structural surface and changed the corresponding surface from negative electrostatic potential to positive electrostatic potential (Figure 6A); and (3) another two basic amino acid residues R339 and K343 in LK1 were also exposed to the structural surface and changed the corresponding surface from negative electrostatic potential to positive and neutral electrostatic potential (Figure 6B). However, the removal of 169GGAG172 did not expose any basic residue and changed surface potential (Figure 6C).


[image: image]

FIGURE 6. Comparisons of structures and charge distributions between wild-type InuAMN8 and its mutants. (A) Comparisons of structures and charge distributions between wild-type InuAMN8 and MutG360Δ9; (B) 180 degree rotation view of panel (A); (C) comparisons of structures and charge distributions between wild-type InuAMN8 and MutG169Δ4. Positive charges are shown in blue, and negative charges are shown in red. The charge-changed surfaces are circled. Residues involved in charge-changed surfaces are shown in blue and stick form. Residues involved in cation-π interactions are shown in peach and stick form.





DISCUSSION

Loop structure plays an important role in the thermal performance of enzymes because it is usually located on the structural surface and has high flexibility that reduces the thermostability of enzymes (Vieille and Zeikus, 2001; Yu and Huang, 2014; Pucci and Rooman, 2017). To improve the thermostability of enzymes, loop structure is usually substituted, deleted, or shortened, such as in the studies for the effects of loops on the mannanase Man1312 from Bacillus subtilis B23 (Zhou H. Y. et al., 2016), the phospholipase D from Streptomyces antibioticus PLD (Damnjanovic et al., 2014), and the acylphosphatase from human muscle (Dagan et al., 2013). Loop structure also affected the thermal performance of exo-inulinases (Arjomand et al., 2016; He et al., 2022). Previously, Ω-loop 3 formed by 74YGSDVT79 of the exo-inulinase from Aspergillus niger 5012 was deleted and resulted in the optimum temperature decrease by 12°C and t1/2 decrease by 32 h at 60°C compared with the wild-type enzyme (Arjomand et al., 2016); Ω-loop 5 formed by 137EEDRK141 of the exo-inulinase InuAGN25 from Sphingobacterium sp. GN25 was deleted and resulted in the optimum temperature decrease by 10°C and t1/2 decrease by 31.7 min at 50°C compared with the wild-type enzyme (He et al., 2022). Both Ω-loop 3 and Ω-loop 5 are in the catalytic Glyco_hydro_32N domain. In this study, deletion of the Ω-loop formed by 360GHVRLGPQP368 in the linking region led similar thermal tolerance loss to previous studies for exo-inulinases; however, deletion of the Ω-loop formed by 169GGAG172 in the catalytic Glyco_hydro_32N domain did not lead thermal tolerance loss.

Thermal characteristics of enzymes are usually engineered through mutation for unconserved amino acid residue sites involved in intraprotein interactions (Vieille and Zeikus, 2001; Yu and Huang, 2014; Pucci and Rooman, 2017). Intraprotein interactions, including salt bridges and cation–π interactions, usually help to improve global and local rigidity of enzyme structure that hampers thermal denaturation of enzymes (Vieille and Zeikus, 2001; Pucci and Rooman, 2017; Siddiqui, 2017). A decrease in intraprotein interactions after loop deletion led to thermostability loss of exo-inulinases from A. niger 5012 and Sphingobacterium sp. GN25 (Arjomand et al., 2016; He et al., 2020, 2022). On the contrary, an increase in intraprotein interactions resulted in the thermostability enhancement of the exo-inulinase from Sphingobacterium sp. GN25 (He et al., 2020; Zhang et al., 2020). Therefore, the close numbers of salt bridges and cation-π interactions should be responsible for similar thermal characteristics of InuAMN8 and its mutant MutG169Δ4. In contrast, the loss of two cation-π interactions in MutG360Δ9 compared with InuAMN8 should play an important role for thermostability loss of the mutant.

In recent years, salt-tolerant enzymes have attracted much attention owing to their commercial and environmental values (Cao et al., 2021). The exo-inulinases from Arthrobacter strains HJ7 and MN8 and Sphingomonas sp. JB13 were observed to exhibit considerable salt tolerance, without a clear elucidation of structural characteristics and mechanisms regarding salt tolerance (Shen et al., 2015; Zhou et al., 2015a,b). Comparisons of biochemical and structural properties among InuAMN8 and its mutants MutG169Δ4 and MutG360Δ9 in this study revealed that salt tolerance showed a positive correlation with the negatively charged surface. Few studies also increased the negatively charged surfaces of enzymes through site-directed mutagenesis and caused the activity or stability enhancement of enzymes in salts (Warden et al., 2015) and vice versa (Li et al., 2019). To the best of our knowledge, most salt-tolerant enzymes have a structural characteristic of a larger negatively charged surface than their salt-sensitive counterparts, owing to that the negative electrostatic potential is capable of competing with salt ions for water molecules to form a stable hydration sphere that separates the protein molecules from each other in solution to avoid aggregating and collapsing (Warden et al., 2015; Cai et al., 2018; Cao et al., 2021).

Ethanol production using inulin is affected by ethanol tolerance of microbial strains and enzymes (Guo et al., 2013). However, alcohol-tolerant inulinases and related structural characteristics and mechanisms have not been reported. The molecular basis for enhanced tolerance of enzymes in organic solvents is very complex (Klibanov, 2001; Cui et al., 2020, 2021). Structural flexibility allows conformational mobility in increased intraprotein electrostatic interactions caused by organic solvents and then plays an important role in maintaining enzymatic activities (Klibanov, 2001; Li et al., 2018). The charged surface also contributes to the organic-solvent tolerance of enzymes. Some studies indicated that the activities or stabilities of enzymes improved, after that structural surfaces were substituted with charged electrostatic potential (Cui et al., 2020, 2021). For example, Cui et al. (2021) reported that the mutant M4 (I12R/Y49R/E65H/N98R/K122E/L124K) of B. subtilis lipase A was introduced charged amino acids to the structural surface and showed 2.1-fold activity increase in 30% (v/v) ethanol, in comparison with the wild-type enzyme. Therefore, the similar structural surface electrostatic potential resulted in similar alcohol-tolerant characteristics of InuAMN8 and its mutant MutG169Δ4, while the decrease in charged surface, especially negatively charged surface, in MutG360Δ9 compared with InuAMN8 accounted for the alcohol-tolerant loss of the mutant.



CONCLUSION

The study revealed that the loop, which was constructed by 360GHVRLGPQP368 for linking domains of Glyco_hydro_32N and Glyco_hydro_32C of InuAMN8, affected thermo-halo-alcohol tolerance and structural properties. The loop was involved in the formation of two energetically significant cation-π bonds, which contributed to thermal properties of InuAMN8 at high temperatures. The loop was also involved in burying four basic amino acid residues with the ability to change the surface from negative electrostatic potential to positive and neutral electrostatic potential that caused detrimental effects on halo-alcohol tolerance. In the future, the loop in the linking region may be given attention for protein engineering in improving enzymatic properties in harsh environments.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



AUTHOR CONTRIBUTIONS

JZ and ZH: conceptualization. XC, RZ, and LH: data curation. XC and LH: formal analysis. JZ: funding acquisition, writing – review and editing, and methodology. ZH: project administration. XT, QW, and ZH: resources. RZ: writing – original draft. All authors contributed to the article and approved the submitted version.



FUNDING

This research was funded by the National Natural Science Foundation of China, grant numbers 31660445 and 31960459; the Yunnan Fundamental Research Projects, grant number 202001AS070022; and the Yunnan Ten Thousand Talents Plan Young & Elite Talents Project, grant number YNWR-QNBJ-2018-383. The APC was funded by 31660445.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.924447/full#supplementary-material



REFERENCES

Arand, M., Golubev, A. M., Neto, J. R. B., Polikarpov, I., Wattiez, R., Korneeva, O. S., et al. (2002). Purification, characterization, gene cloning and preliminary X-ray data of the exo-inulinase from Aspergillus awamori. Biochem. J. 362, 131–135. doi: 10.1042/0264-6021:3620131

Arjomand, M. R., Habibi-Rezaei, M., Ahmadian, G., Hassanzadeh, M., Karkhane, A. A., Asadifar, M., et al. (2016). Deletion of loop fragment adjacent to active site diminishes the stability and activity of exo-inulinase. Int. J. Biol. Macromol. 92, 1234–1241. doi: 10.1016/j.ijbiomac.2016.08.039

Cai, Z. W., Ge, H. H., Yi, Z. W., Zeng, R. Y., and Zhang, G. Y. (2018). Characterization of a novel psychrophilic and halophilic β-1, 3-xylanase from deep-sea bacterium, Flammeovirga pacifica strain WPAGA1. Int. J. Biol. Macromol. 118, 2176–2184. doi: 10.1016/j.ijbiomac2018.07.090

Cao, L., Zhang, R., Zhou, J. P., and Huang, Z. X. (2021). Biotechnological aspects of salt-tolerant xylanases: a review. J. Agr. Food Chem. 69, 8610–8624. doi: 10.1021/acs.jafc.1c03192

Chenna, R., Sugawara, H., Koike, T., Lopez, R., Gibson, T. J., Higgins, D. G., et al. (2003). Multiple sequence alignment with the clustal series of programs. Nucleic Acids Res. 31, 3497–3500. doi: 10.1093/nar/gkg500

Cui, H. Y., Jaeger, K. E., Davari, M. D., and Schwaneberg, U. (2021). CompassR yields highly organic-solvent-tolerant enzymes through recombination of compatible substitutions. Chem. Eur. J. 27, 2789–2797. doi: 10.1002/chem.202004471

Cui, H. Y., Zhang, L. L., Eltoukhy, L., Jiang, Q. J., Korkunc, S. K., Jaeger, K. E., et al. (2021). Enzyme hydration determines resistance in organic cosolvents. ACS Catal. 10, 14847–14856. doi: 10.1021/acscatal.0c03233

Dagan, S., Hagai, T., Gavrilov, Y., Kapon, R., Levy, Y., and Reich, Z. (2013). Stabilization of a protein conferred by an increase in folded state entropy. Proc. Natl. Acad. Sci. U.S.A. 110, 10628–10633. doi: 10.1073/pnas.1302284110

Damnjanovic, J., Nakano, H., and Iwasaki, Y. (2014). Deletion of a dynamic surface loop improves stability and changes kinetic behavior of phosphatidylinositol-synthesizing Streptomyces phospholipase D. Biotechnol. Bioeng. 111, 674–682. doi: 10.1002/bit.25149

Eisenberg, D., Luthy, R., and Bowie, J. U. (1997). VERIFY3D: assessment of protein models with three-dimensional profiles. Methods Enzymol. 277, 396–404. doi: 10.1016/s0076-6879(97)77022-8

Gallivan, J. P., and Dougherty, D. A. (1999). Cation-π interactions in structural biology. Proc. Natl. Acad. Sci. U.S.A. 96, 9459–9464. doi: 10.1073/pnas.96.17.9459

Geib, S. M., Filley, T. R., Hatcher, P. G., Hoover, K., Carlson, J. E., Jimenez-Gasco, M. D., et al. (2008). Lignin degradation in wood-feeding insects. Proc. Natl. Acad. Sci. U.S.A. 105, 12932–12937. doi: 10.1073/pnas.0805257105

Germec, M., and Turhan, I. (2019). Evaluation of carbon sources for the production of inulinase by Aspergillus niger A42 and its characterization. Bioprocess Biosyst. Eng. 42, 1993–2005. doi: 10.1007/s00449-019-02192-9

Germec, M., and Turhan, I. (2020). Thermostability of Aspergillus niger inulinase from sugar beet molasses in the submerged fermentation and determination of its kinetic and thermodynamic parameters. Biomass Convers. Bior. 1–9. doi: 10.1007/s13399-020-00809-8

Guex, N., Peitsch, M. C., and Schwede, T. (2009). Automated comparative protein structure modeling with SWISS-MODEL and Swiss-PdbViewer: a historical perspective. Electrophoresis 30, S162–S173. doi: 10.1002/elps.200900140

Guo, L. H., Zhang, J., Hu, F. X., Ryu, D. D., and Bao, J. (2013). Consolidated bioprocessing of highly concentrated Jerusalem artichoke tubers for simultaneous saccharification and ethanol fermentation. Biotechnol. Bioeng. 110, 2606–2615. doi: 10.1002/bit.24929

He, L. M., Zhang, R., Shen, J. D., Miao, Y., Tang, X. H., Wu, Q., et al. (2020). Removal of N-terminal tail changes the thermostability of the low-temperature-active exo-inulinase InuAGN25. Bioengineered 11, 921–931. doi: 10.1080/21655979.2020.1809921

He, L. M., Zhang, R., Shen, J. D., Miao, Y., Zeng, C. Y., Tang, X. H., et al. (2022). Improving the low-temperature properties of an exo-inulinase via the deletion of a loop fragment located in its catalytic pocket. Electron. J. Biotechn. 55, 1–8. doi: 10.1016/j.ejbt.2021.09.004

Humphrey, W., Dalke, A., and Schulten, K. (1996). VMD: visual molecular dynamics. J. Mol. Graphics 14, 33–38. doi: 10.1016/0263-7855(96)00018-5

Kango, N., and Jain, S. C. (2011). Production and properties of microbial inulinases: recent advances. Food Biotechnol. 25, 165–212. doi: 10.1080/08905436.2011.590763

Klibanov, A. M. (2001). Improving enzymes by using them in organic solvents. Nature 409, 241–246. doi: 10.1038/35051719

Laskowski, R. A., MacArthur, M. W., Moss, D. S., and Thornton, J. M. (1993). PROCHECK: a program to check the stereochemical quality of protein structures. J. Appl. Cryst. 26, 283–291. doi: 10.1107/S0021889892009944

Li, N., Han, X. W., Xu, S. J., Li, C. Y., Wei, X., Liu, Y., et al. (2018). Glycoside hydrolase family 39 β-xylosidase of Sphingomonas showing salt/ethanol/trypsin tolerance, low-pH/low-temperature activity, and transxylosylation activity. J. Agr. Food Chem. 66, 9465–9472. doi: 10.1021/acs.jafc.8b03327

Li, Z., Li, X., Liu, T., Chen, S., Liu, H., Wang, H., et al. (2019). The critical roles of exposed surface residues for the thermostability and halotolerance of a novel GH11 xylanase from the metagenomic library of a saline-alkaline soil. Int. J. Biol. Macromol. 133, 316–323. doi: 10.1016/j.ijbiomac.2019.04.090

Ma, J., Li, T., Tan, H., Liu, W., and Yin, H. (2020). The important roles played in substrate binding of aromatic amino acids in exo-inulinase from Kluyveromyces cicerisporus CBS 4857. Front. Mol. Biosci. 7:569797. doi: 10.3389/fmolb.2020.569797

Ma, J. Y., Li, Q., Tan, H. D., Jiang, H., Li, K. K., Zhang, L. H., et al. (2019). Unique N-glycosylation of a recombinant exo-inulinase from Kluyveromyces cicerisporus and its effect on enzymatic activity and thermostability. J. Biol. Eng. 13:81. doi: 10.1186/s13036-019-0215-y

Miller, G. L. (1959). Use of dinitrosalicylic acid reagent for determination of reducing sugar. Anal. Chem. 31, 426–428. doi: 10.1021/ac60147a030

Mistry, J., Chuguransky, S., Williams, L., Qureshi, M., Salazar, G. A., Sonnhammer, E. L. L., et al. (2021). Pfam: the protein families database in 2021. Nucleic Acids Res. 49, D412–D419. doi: 10.1093/nar/gkaa913

Nagem, R. A. P., Rojas, A. L., Golubev, A. M., Korneeva, O. S., Eneyskaya, E. V., Kulminskaya, A. A., et al. (2004). Crystal structure of exo-inulinase from Aspergillus awamori: the enzyme fold and structural determinants of substrate recognition. J. Mol. Biol. 344, 471–480. doi: 10.1016/j.jmb.2004.09.024

Pucci, F., and Rooman, M. (2017). Physical and molecular bases of protein thermal stability and cold adaptation. Curr. Opin. Struct. Biol. 42, 117–128. doi: 10.1016/j.sbi.2016.12.007

Qiu, Y. B., Lei, P., Zhang, Y. T., Sha, Y. Y., Zhan, Y. J., Xu, Z. Q., et al. (2018). Recent advances in bio-based multi-products of agricultural Jerusalem artichoke resources. Biotechnol. Biofuels 11:151. doi: 10.1186/s13068-018-1152-6

Saha, B. C. (2003). Hemicellulose bioconversion. J. Ind. Microbiol. Biot. 30, 279–291. doi: 10.1007/s10295-003-0049-x

Shen, J. D., Zhang, R., Li, J. J., Tang, X. H., Li, R. X., Wang, M., et al. (2015). Characterization of an exo-inulinase from Arthrobacter: a novel NaCl-tolerant exo-inulinase with high molecular mass. Bioengineered 6, 99–105. doi: 10.1080/21655979.2015.1019686

Siddiqui, K. S. (2017). Defying the activity-stability trade-off in enzymes: taking advantage of entropy to enhance activity and thermostability. Crit. Rev. Biotechnol. 37, 309–322. doi: 10.3109/07388551.2016.1144045

Singh, R. S., Chauhan, K., and Kennedy, J. F. (2017). A panorama of bacterial inulinases: production, purification, characterization and industrial applications. Int. J. Biol. Macromol. 96, 312–322. doi: 10.1016/j.ijbiomac.2016.12.004

Singh, R. S., Chauhan, K., Pandey, A., and Larroche, C. (2018a). Biocatalytic strategies for the production of high fructose syrup from inulin. Bioresource Technol. 260, 395–403. doi: 10.1016/j.biortech.2018.03.127

Singh, R. S., Chauhan, K., Pandey, A., Larroche, C., and Kennedy, J. F. (2018b). Purification and characterization of two isoforms of exoinulinase from Penicillium oxalicum BGPUP-4 for the preparation of high fructose syrup from inulin. Int. J. Biol. Macromol. 118, 1974–1983. doi: 10.1016/j.ijbiomac.2018.07.040

Singh, R. S., Singh, T., Hassan, M., and Larroche, C. (2022). Biofuels from inulin-rich feedstocks: a comprehensive review. Bioresource Technol. 346:126606. doi: 10.1016/j.biortech.2021.126606

Singh, R. S., Singh, T., and Larroche, C. (2019). Biotechnological applications of inulin-rich feedstocks. Bioresource Technol. 273, 641–653. doi: 10.1016/j.biortech.2018.11.031

Stoykov, Y. M., Pavlov, A. I., and Krastanov, A. I. (2015). Chitinase biotechnology: production, purification, and application. Eng. Life Sci. 15, 30–38.

Vieille, C., and Zeikus, G. J. (2001). Hyperthermophilic enzymes: sources, uses, and molecular mechanisms for thermostability. Microbiol. Mol. Biol. Rev. 65, 1–43.

Wang, C. H., Xiong, W. P., Huang, C., Li, X. M., Wang, Q. Y., and Huang, R. B. (2021). Engineering better catalytic activity and acidic adaptation into Kluyveromyces marxianus exoinulinase using site-directed mutagenesis. J. Sci. Food Agric. 101, 2472–2482. doi: 10.1002/jsfa.10873

Warden, A. C., Williams, M., Peat, T. S., Seabrook, S. A., Newman, J., Dojchinov, G., et al. (2015). Rational engineering of a mesohalophilic carbonic anhydrase to an extreme halotolerant biocatalyst. Nat. Commun. 6:10278. doi: 10.1038/ncomms10278

Xu, Z., Cen, Y. K., Zou, S. P., Xue, Y. P., and Zheng, Y. G. (2020). Recent advances in the improvement of enzyme thermostability by structure modification. Crit. Rev. Biotechnol. 40, 83–98. doi: 10.1080/07388551.2019.1682963

Yu, H. R., and Huang, H. (2014). Engineering proteins for thermostability through rigidifying flexible sites. Biotechnol. Adv. 32, 308–315. doi: 10.1016/j.biotechadv.2013.10.012

Zhang, R., He, L. M., Shen, J. D., Miao, Y., Tang, X. H., Wu, Q., et al. (2020). Improving low-temperature activity and thermostability of exo-inulinase InuAGN25 on the basis of increasing rigidity of the terminus and flexibility of the catalytic domain. Bioengineered 11, 1233–1244. doi: 10.1080/21655979.2020.1837476

Zhou, S. H., Liu, Y., Zhao, Y. J., Chi, Z., Chi, Z. M., and Liu, G. L. (2016). Enhanced exo-inulinase activity and stability by fusion of an inulin-binding module. Appl. Microbiol. Biot. 100, 8063–8074. doi: 10.1007/s00253-016-7587-4

Zhou, H. Y., Yong, J., Gao, H., Yuan, Z. H., Yang, W. J., Tian, Y., et al. (2016). Loops adjacent to catalytic region and molecular stability of Man1312. Appl. Biochem. Biotech. 180, 122–135. doi: 10.1007/s12010-016-2087-7

Zhou, J. P., Gao, Y. J., Zhang, R., Mo, M. H., Tang, X. H., Li, J. J., et al. (2014). A novel low-temperature-active exo-inulinase identified based on molecular-activity strategy from Sphingobacterium sp. GN25 isolated from feces of Grus nigricollis. Process Biochem. 49, 1656–1663. doi: 10.1016/j.procbio.2014.06.013

Zhou, J. P., Lu, Q., Peng, M. Z., Zhang, R., Mo, M. H., Tang, X. H., et al. (2015a). Cold-active and NaCl-tolerant exo-inulinase from a cold-adapted Arthrobacter sp. MN8 and its potential for use in the production of fructose at low temperatures. J. Biosci. Bioeng. 119, 267–274. doi: 10.1016/j.jbiosc.2014.08.003

Zhou, J. P., Peng, M. Z., Zhang, R., Li, J. J., Tang, X. H., Xu, B., et al. (2015b). Characterization of Sphingomonas sp. JB13 exo-inulinase: a novel detergent-, salt-, and protease-tolerant exo-inulinase. Extremophiles 19, 383–393. doi: 10.1007/s00792-014-0724-z


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Cen, Zhang, He, Tang, Wu, Zhou and Huang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/nav.xhtml




Contents





		Cover



		Deletion of the Loop Linking Two Domains of Exo-Inulinase InuAMN8 Diminished the Enzymatic Thermo-Halo-Alcohol Tolerance



		INTRODUCTION



		MATERIALS AND METHODS



		Chemicals, Plasmids, and Strains



		Multiple Amino Acid Sequences Alignment and Structure Modeling



		Vectors of Mutants Construction



		Recombinant Enzyme Induction and Heterologous Expression



		Recombinant Enzyme Purification and Dialysis



		Recombinant Enzyme Characterization



		Structural Analyses of Enzymes







		RESULTS



		Multiple Amino Acid Sequences Alignment and Structure Modeling



		Enzyme Expression in Escherichia coli



		Thermo-Halo-Alcohol Characteristics of Purified Enzymes



		Structural Characteristics







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fmicb-13-924447-g005.jpg
MutG360A9






OPS/images/fmicb-13-924447-g006.jpg
o ) & \/&
3 " y/ f(,/
) D352-T359 ny J/
(LK2) s &
Solid ribbon A Solid ribbon /&
uAMNS ¢ ./ MutG360A9 ¢ ./
Surface Surface

N312-1351
(LK1)

Solid ribbon Solid ribbon
InuAMNS ¢ MutG360A9 ¢
Surface ) Surface

-\t ';:3169GAGG172 ~ N TYPSYT

i
. AT
/

v
Solid ribbon Solid ribbon
InuAMNS + MutG169A4 +
Surface =






OPS/images/fmicb-13-924447-g003.jpg
InuAMNS MutG360A9 M  MutG169A4

-





OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Microbiology






OPS/images/fmicb-13-924447-g004.jpg
Relative activity (%)

@

Relative activity (%)

Relative activity (%)

1 20 [ —_—— InuAMNS 1 20 = —— InuAMNS
100 L - —*— MutG169A4 100 ——MutG169A4
—— MutG360A9 —=—MutG360A9

80

D
(e

60

iy
O

40

Relative stability (%)

[\
(e

20

o
b
(=

0 10 20 30 40 50 60 0 10 20 30 40 50 60
Temperature (°C) D Time (min)
120 120 -
100 /-\100 : & —% I\ig_————"
g0 | —e—InuAMNS &\o/ 30 L —— [NnuAMNS
——MutG169A4 £ —e— MutG169A4
60 r ——MutG360A9 § 60 - —== MutG360A9
40 | Z 40 | :
£ T
20 | 2 20 | 3
O | | | | | O | | | | |
0 5 10 15 20 23 0 5 10 15 20 25
NaCl [w/v (%)] NaCl [w/v (%)]
F
120 ¢ e InuAMNS 20 7 —+— InuAMNS
100 ——MutG169A4 100 % —— MutG169A4
—=—MutG360A9 § —— MutG360A9
80 - 80
2
60 | 2 60 |
40 2 40 |
k=
20 " w2 20 -
\\§‘ - ™~
O | | | | J 0 | | | | J
0 5 10 15 20 25 0 o 10 15 20 25

Ethanol [v/v (%)] Ethanol [v/v (%)]





OPS/images/fmicb-13-924447-g001.jpg
InuAMN8/353-387

SCRB _VIBCH/398-421
Q5WI15 BACSK/315-346
Q8XK71 CLOPE/331-366
A6M3D6 CLOB8/333-367
SCRB_BACSU/338-373
Q65DN5 BACLD/337-372
Q5KUA8 GEOKA/339-375
Q9KBR7 BACHD/338-374
Q6DA94 PECAS/336-367
A6T5U2 KLEP7/336-362
Q8XQE3 RALSO/318-355
Q7D471 CLOAB/337-373
Q5WDB1 BACSK/338-372
Q65D73 BACLD/331-366
Q888X9 PSESM/333-369
SCR_ZYMMO/343-378
Q32DI1 SHIDS/330-364
Q8DWH3 STRMU/354-383

O07003LEVB_BACSU/356-392

Q65EI7 BACLD/355-391
Q97180 CLOAB/358-394
SACC_BACSU/349-386
Q8A6W7 BACTN/451-488
Q5LAK1 BACFN/443-481
E3EEB2 PAEPS/330-366
Q5WDBO_ BACSK/318-353
INV1 SCHPO/405-439
Q752P4 ASHGO/386-430
P00724/348-391
A5ABL2/356-392
G3XWA9 ASPNA/371-408
A9H667 GLUDA/372-410
Q63MV6 BURPS/380-419
INVA SOLLC/427-464
F6HAUO VITVI/328-365
INVA4 ARATH/445-481
K7KN23 SOYBN/436-473
MOXIN7 HORVD/449-486
MOXA32 HORVD/511-548
Q8W431 WHEAT/403-440
INV1 MAIZE/459-496
INV4 ORYSJ/381-418
1FEH2 WHEAT/382-419
LON593 WHEAT/366-403
INV6 ORYSJ/371-409
INV7 ORYSJ/366-404
Q7XA49 SOYBN/362-399
INV1 ARATH/378-416
INV3 ARATH/365-402
INV5 ARATH/369-406
INV4 ARATH/372-409
INV2 ARATH/371-408
K4D3B7 SOLLC/374-411
Q8LAN2 SOLLC/375-412
Q9LDY97 SOLLC/376-413
Q8LRN8 SOLLC/375-412
INV1 ORYSJ/369-406
INV3 ORYSJ/377-414
INV6 ARATH/341-379
QSNEI9 FRATT/331-361
Q8DNPO_STRR6/336-358
GlUB47 LACAC/321-339
B8DSY2 BIFAQ0/368-405
Q5WBG3 BACSK/336-371
Q8DNS7 STRR6/340-366
Q82YR4 ENTFA/340-366
Q5M2R8 STRT2/340-366
Q8DY03 STRA5/340-366
Q99Y90 STRP1/340-366
SCRB_STRMU/340-366
Q74HI7 LACJO/340-370
G1lUB52 LACAC/338-367
Q834P0 ENTFA/341-369
QO03GR2_ PEDPA/339-371

————————— GHVRIGPOPIASGVL--DVPAAASVARIME
—————————— LO- SEPHTMLLSDN---———————-
———————— LRQHE’HEGISNSGQW———SLPS———

————— RNEKKIHINIHGSSG——— PVEKPERT
—-———-ONEKNAATSIINQGTE--- IVQPD
-—-KOQKVAYPSAT ELR----SWPGLEGDAI
-—-KNEVSRPSVKISEHPQ----RFEEISGEAF]

_______ LRQOSEKME SVVTLSDAE - -HPFTMDS - PLQ
——————— LRQ-QHQSISPRTISNK--YVIBOENA-QA
____________ NNNSRTNTVSYQSNAD----TAKLADDGYHK

L ——~NSTHE DQD GSKT--LSHTG-DTYQLT

T———ESADE RIEYNGSKT--LOMKG-NTYQL,

T---TSIDQFKQISWYKGLKH--LKWYOG-KAYQLIMT
-=-=-GTSKKWKNLTSPASH- - GQSGDAY

NCVSKKR-SFKVNGTRIVK---DLPNNEG-AY
NKE SRETPAFEVGDAYHVD---STISSDNKG-AY
—-——-TPVLSIMTEPSWEEVRN---2AIMSAT.QLDCY]
-—-AKQODFAPFDVANEATP--LDFKG---TTYRF
————— SLLRD——ETLFTAPVINSS——SS!SGSP—ITLPS

ISTRAYINDM- — Y- -KKGCVVTYGD PQDGR——VT.PS —RGEVLishS
P"‘FD‘———FARTRPAVR— SATR——ELGADARGTVQ'
|AVYE NS — — —IAN--VCDPT - VD PGSI--EIJRVDSAAELIsEE
IZNE I ANHS — — —IAN- - TNSTE -FEDV PGSV--VPIEDIGSASQLIsxk
——-LSSKQ-FD-LEYGPGSV--VPYDVGCSAAQL.InES
—--LRSDE-FKNLKAKPGSV--VSYDIETATQLIsES
——TNSTD-IWGGVTHDRGSV--F LHRATQL.sEN
HLHQTAQIL.InNE
PLROGTQLInEN
VGCKATQLIsEN
KGTDTLQAI»
KEVDAFQAIS
IGVMGAQAI®
GGIAGSQAI
GVASSQAI»
1=4Y GVTATQAI»
YGVTAAQAIS
GST--LOWYHGVTAAQAIS
GGSV——ME‘HGVTAPQMD
GOR--IEWYKGITPAQAIS
MGQR——FE‘
SNR KGDK--TAYKGITPAQAIS
SNKKI GEK--IE TGITPAQNI
KKIFSKGEM--FE KGISASQ B
KGCEK--VE KGITVAQAD
FD PGEH--FOQWUTGLGTYQAI»
——AKHVN—“TD KGNY--FEYTGFKSVQSI»
—-—-TKSVSLDDCYEFKTGST--FENSGITAAQAIN

——-RNE-VSHQGLE
——-TNE-ISHQGIE
-—-SKRVNLIATP-E

PIIHE TE ikl
| AVKIHR — — —

QGITPAQVIS

- - -NKT IEJKNFDODIT------ PS---NLIjh8
——————————————— KGOYQIQMDKDCH- - Y HGN -~ — - - —
—————————————————— KFKQ--IS------SDSE-ITLCH

=T T)AUAG — — —
PVYE LO)

~--ENTIGFDSLD@GTNQT- - S TILDDDGCAL{NS
~ - -QKRSDYODTLTNEAKT - - -~ YDGIAGAAFINY
SEEAFSN----RSQ--TKNTYzh#
TSCEDETS - -~ -KBME - - TSNTYj2h#
TRQEDFSE - - - —~KTA- - TTNTY|ah#
QHQAEFKT————§E§——TNNTYEL

GPAELFHN---- -—-SSNCY|n#
SEKEAVTY ----KPE--TNNTY|xq#
HNEKQLNNE——KéESQAAGKQYEL

HKNEKDVAD---QVIYSENAGQQ Y1
QSATTLSNG----CHFLSTASFEFI®

L) e e ———— — —






OPS/images/fmicb-13-924447-g002.jpg
169GGAG172»
(MutG169A4)

ﬁf N312-1351

/| (LK1)

\ : LJ/ ) \ v 1
Glyco _hydro 32N domain: Glyco _hydro 32C domain:

a five-bladed B-propeller a B-sandwich








OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Microbiology





