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Abstract

:

Lipases are versatile biocatalysts for various biological reactions. In the detergent industry, lipases must exhibit high activity in environments with high temperature, high pH values, metal ions, and organic solvents. Therefore, researchers are intensively searching for more stable and efficient lipases. A new thermophilic lipase, LipGt6, was identified in Geobacillus thermoleovorans H9, a new thermophilic strain isolated from ultrahigh-temperature compost. A structural model of LipGt6 was constructed using an esterase from Geobacillus thermodenitrificans as a template, and site-directed mutagenesis confirmed the predicted active site residues. LipGt6 exhibited the highest activity towards medium- and long-chain fatty acids (C8–C14), and the optimum temperature and pH were 50 °C and 9.0, respectively. LipGt6 was found to be thermostable up to 70 °C. In the presence of 1% H2O2 and sodium deoxycholate, LipGt6 retained 70 to 75% relative activity. These findings reveal that LipGt6 is potentially useful for the industrial production of detergent. Based on comparison of the amino acid sequences, the enzyme belongs to a new subfamily called lipolytic enzyme family II. The catalytic residues Ser and His were more critical than Asp, and the Asp221 catalytic residue is not likely critical for the lipolytic reaction of LipGt6.
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1. Introduction


Lipases (EC3.1.1.3) belong to the family of lipolytic enzymes that perform hydrolysis and esterification of triacylglycerides and other water-insoluble esters [1]. Lipases are widely used in the detergent, food, dairy, pulp, and pharmaceutical industries because they possess a conserved catalytic triad structure, are stable in organic solvents, undergo interfacial activation in microaqueous environments, and exhibit high substrate specificity [2]. Based on amino acid sequence homology and fundamental biological properties, bacterial lipolytic enzymes have been classified into eight families [3]. Family II, also known as the GDSL family, has five consensus sequences (I–V) and four invariant important catalytic residues (Ser, Gly, Asn, and His in blocks I, II, III, and V, respectively). Ser residues are near the N-terminal end of the amino acid sequence [4]. To date, there have been few reports of GDSL family lipases in bacteria.



Many different gram-positive and gram-negative bacterial strains produce lipases. Some of the most commercially important bacteria that produce lipases are Bacillus sp., Pseudomonas sp., and Burkholderia sp. [5,6,7]. These microbial lipases operate at a wider temperature range, and their stability and activity are greater. The reported lipase from Bacillus thermoleovorans ID-1 showed optimal activity at 70–75 °C and pH 7.5 and extracellular lipase activity on a variety of lipid substrates at elevated temperatures. This lipase has been applied in the biological treatment of oily wastewater [8]. In addition, researchers found that BL1 was active over a wide range of pH values (from 9.0 to 13.0), with an optimum pH of 11.0, and exhibited maximal activity at 55 °C. The enzyme showed excellent stability and compatibility with various commercial detergents [9]. Lipases have a wide range of industrial applications, and the detergent industry is an important field for the application of lipases. However, few lipases are currently used in the detergent industry.



Therefore, more stable and efficient alkaline lipases need to be identified from nature. Thermophilic bacteria are potential sources of thermostable alkaline lipases. High-temperature compost can reach as high as 80 °C in the ultrahigh-temperature phase, and the microbial community tends to be homogeneous. The dominant bacteria are mainly Saccharomonospora (28%), Oceanobacillus (13%), Thermobifida (13%), Actinomadura (12%), Bacillus (11%), and Geobacillus (6%) [10,11]. Geobacillus spp. grow between 55 and 65 °C and have been extensively studied for bioremediation, bioproduction, and thermotolerant enzyme production [12]. Enzymes produced by Geobacillus spp. include glycoside hydrolases, lipases, and proteases [13]. The thermoalkaliphilic lipases Lip29, TA, and B78 from Geobacillus spp. exhibit good thermostability and are expected to be used in the detergent industry [14,15,16].



At present, all lipases that can be added to detergents are alkaline, and their optimum pH is 8.0–12.0 [17]. An ideal lipase for detergent addition should have the following characteristics: high activity, high reaction temperature, high pH, and strong resistance to alkali substances, organic solvents, metal ions, and other chemical substances [18]. In this study, a novel GDSL family lipase, LipGt6, was cloned and characterized from the thermophilic bacterium G. thermoleovorans H9. The purified recombinant LipGt6 was found to have optimal activity at 50 °C and pH 9.0 and be thermostable up to 70 °C. The potential of this enzyme as a detergent additive was initially evaluated.




2. Materials and Methods


2.1. Strains, Plasmids, and Chemicals


The thermophilic bacterium G. thermoleovorans H9 and the plasmid pET28a were maintained in our laboratory. E. coli BL21-codonplus (DE3), DNA polymerase, and recombinase were purchased from Vazyme (Nanjing, China). Restriction endonucleases were purchased from NEB(Beverly, MA, USA), and all chemicals used in this study were of reagent grade.




2.2. Homology Modelling and Sequence Alignment


A 3D structural model was generated using SWISS-MODEL (https://swissmodel.expasy.org) (accessed on 12 March 2024). The PyMOL Molecular Graphics System (Version 3.0, Schrödinger, LLC, San Francisco, CA, USA) was subsequently used to analyze the tertiary structure of the lipase. To compare the conserved amino acid sequences, the peptide sequences of the bacterial esterases/lipases containing GDSL motifs were searched in NCBI (https://www.ncbi.nlm.nih.gov/taxonomy) (accessed on 12 March 2024) and PDB (http://www.rcsb.org/pdb/) (accessed on 12 March 2024). Secondary structure alignment was conducted using ClustalW [19], and alignment analysis was performed with ESPript3 [20].




2.3. Construction of the Expression Vector


The genome of G. thermoleovorans H9 was used as a DNA template, and the gene LipGt6 was amplified by PCR with the following primers: LipGt6_F (5′ to 3′: cagcaaatgggtcgcggatccTTGTTGTGCTGCTGCTGGCTGC) and LipGt6_R (5′ to 3′: tggtggtgctcgagtgcggccgcTTGCAATAAGCTCCCTACCCA), which contained BamHI and NotI restriction sites, respectively. The amplified fragments were cloned and inserted into a pET-28a expression vector (Novagen) containing a C-terminal His-tag using a ClonExpress Ultra One Step Cloning Kit (Vazyme, Nanjing, China). The correct recombinant plasmids were transformed into E. coli BL21-codonplus (DE3) competent cells for gene expression.




2.4. Expression and Purification of LipGt6


The recombinant E. coli strains were subsequently grown overnight at 37 °C in LB supplemented with kanamycin (50 µg/mL). The cultured cells (3 mL) were transferred to 300 LB media supplemented with kanamycin and left at 37 °C until an optical density (0.6–0.8, at 600 nm) was reached. The cells were induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG), and the cultures were incubated with shaking at 16 °C for 12 h. The cells were harvested by centrifugation at 8000× g for 10 min and resuspended in Tris-HCl (50 mM, pH 8.0). The bacteria were then disrupted by sonication and centrifuged at 10,000× g for 30 min at 4 °C, after which the supernatant was retained as a crude enzyme solution. The recombinant lipases were purified by nickel-nitrilotriacetic acid (Ni-NTA) affinity chromatography and eluted with an increasing imidazole gradient, and the target proteins were detected by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE). The purified solution of LipGt6 was concentrated, and imidazole was removed by ultrafiltration with a 50 mM Tris-HCl (pH 8.0) buffer solution.




2.5. Substrate Specificity


Photometric assay was carried out according to Kordel et al. [21]. Solution A contained pNP esters with different lengths of acyl chains dissolved in 2-propanol, with a sonicator for 10 min at room temperature. Solution B was 50 mM Tris-HCI buffer (pH 9). A reaction mixture consisting of 1 part solution A and 10 parts solution B was prepared fresh before the assay. A 50 µL volume of an appropriate dilution of the enzyme solution was added to 575 µL of the reaction mixture, and 95% ethanol was added to stop the reaction. The kinetics were detected at 410 nm using a spectrophotometer. One unit of lipase activity was defined as the amount of enzyme that liberated 1 µmol of p-nitrophenol from substrate, respectively, per min.



The purified enzyme was mixed with substrate solutions that contained different lengths of acyl chains, including p-nitrophenyl acetate (pNPC2), p-nitrophenyl butyrate (pNPC4), p-nitrophenyl caprylate (pNPC8), p-nitrophenyl decanoate (pNPC10), p-nitrophenyl laurate (pNPC12), p-nitrophenyl myristate (pNPC14), p-nitrophenyl palmitate (pNPC16), and p-nitrophenyl stearate (pNPC18) at 50 °C and 50 mM Tris-HCl (pH 9.0). The highest degrading enzyme activity, pNP-C8 enzyme activity, was defined as 100%, and relative comparative analyses of enzyme activities for other substrate degradations were conducted.




2.6. Effects of Temperature and pH on Enzyme Activity and Stability


The optimum temperature was determined by testing temperatures between 30 and 90 °C using pNPC8 at pH 9. The optimum pH value between pH 6 and 11 was evaluated with pNPC8 at 50 °C. Reactions were performed in 0.1 M citric acid-Na2HPO4 (pH 5–7) and 0.1 M Tris-HCl (pH 7–10) buffers. The effect of temperature on LipGt6 stability was determined at various temperatures (50–80 °C) for 3 h, followed by a residual enzyme activity assay at 50 °C and pH 9 Tris-HCl. The impact of pH on LipGt6 stability was determined by incubating the samples at pH 6–11 for 1 h at 50 °C followed by a residual enzyme activity assay at 50 °C and pH 9. The optimum temperature, pH, and pH stability of LipGt6 were determined, and the relative enzyme activity was calculated using the highest enzyme activity as 100%. The temperature stability of LipGt6 was determined, and the relative enzyme activity for other incubation times was calculated using the initial enzyme activity as 100%.




2.7. Effects of Metal Ions, Surfactants, and Oxidizing Agents on Enzyme Activity


LipGt6 was subjected to activity assays after treatment with 5 mM metal ions (Zn2+, Mg2+, Ca2+, Mn2+, Cu2+, Ni2+, Fe2+, and Na+) for 1 h at 50 °C. The influence of detergents on LipGt6 activity was assayed by adding 1 mM sodium dodecyl sulfate (SDS), 1% (v/v) Tween-20, Tween-80, Triton X-100, and sodium deoxycholate to the reaction solutions for 1 h at 50 °C. The enzymes were incubated with different concentrations of H2O2 and NaClO (1–5%) at 50 °C for 1 h, and the enzyme stability was determined according to the residual enzyme activity. The activity of the enzyme was calculated after 1 h of incubation, using the untreated enzyme activity as 100%.




2.8. Site-Directed Mutagenesis


Based on multiple sequence comparisons, the predicted catalytic activity sites were mutated to alanine acid using a Fast Mutagenesis Kit (Vazyme, Nanjing, China) according to the manufacturer’s instructions. A wild-type plasmid was used as a template to expand plasmids with primers containing mutant nucleotides. The primer pairs utilized are listed in Table S1. All mutation sites were confirmed by DNA sequencing, and the mutant plasmids were transformed into E. coli BL21-codonplus (DE3) cells for expression. The enzymatic activity of the mutant strains was detected as described above. The negative control was the enzyme inactivated at high temperature.




2.9. Statistical Analysis


The results were analyzed using one-way ANOVA with SPSS Statistics 25 software (IBM SPSS Statistics, Armonk, NY, USA) in a completely randomized design. The results were analyzed with GraphPad Prism 8.0.2 (GraphPad Software, San Diego, CA, USA), and error bars represent standard deviation. Differences in means between groups were compared for statistical significance at p < 0.05.





3. Results


3.1. Sequence Analysis of the Enzyme LipGt6


A putative lipase was found in the genome sequence of G. thermoleovorans H9, designated LipGt6, which is composed of 762 nucleotides that correspond to 254 amino acids. A conserved domain search of LipGt6 from NCBI revealed that LipGt6 contains the SGNH-hydrolase YpmR-like domain, which belongs to the GDSL family of lipases/esterases. BLASTP analysis revealed over 90% identity matches for LipGt6 with various GDSL family lipases/esterases belonging to Geobacillus spp., such as the hydrolase protein of Geobacillus sp. JS12 (96.85%). Selected typical lipolytic enzyme sequences with GDSL motifs were subjected to multiple sequence alignments. LipGt6 possesses a conserved GDSL motif near the N-terminus, and four invariant important catalytic residues, Ser, Gly, Asn, and His in blocks I, II, III, and V, respectively, which are essential for the enzyme to perform its catalytic function (Figure 1). The serine residue acts as a nucleophilic reagent and proton donor for the oxyanion hole, while histidine increases the nucleophilicity of serine residues by deprotonation [22].




3.2. Cloning, Expression, and Purification of LipGt6


The LipGt6 gene was inserted into pET-28a, and constructed plasmids with an N-terminal His-tag were transformed into E. coli BL21-codonplus (DE3). Then, 0.5 mM IPTG was used to express the recombinant LipGt6 protein, which was successfully purified by nickel affinity chromatography, as verified by SDS-PAGE (Figure 2). The purified enzyme showed a single band on SDS-PAGE with a molecular mass of approximately 28 kDa, at 50 mM and 100 mM imidazole.




3.3. Substrate Specificity of LipGt6


The substrate specificity of LipGt6 was determined by using pNP esters of different chain lengths as substrates. Recombinant LipGt6 exhibited the highest activity towards medium- and long-chain fatty acids, followed by pNP-C8, pNP-C10, pNP-C12, and pNP-C14, and some degradation activity towards pNP-C16 and pNP-C18; therefore, LipGt6 is a lipase, not an esterase (Figure 3). The purified enzyme LipGt6 exhibited a specific enzyme activity of 10.87 U/mg using pNPC8 substrate. After purification treatment, the enzyme showed 3.59-time purification.




3.4. Effects of Temperature and pH on LipGt6


The temperature and pH tolerance of the recombinant LipGt6 were determined using pNP-C8 as the substrate. LipGt6 showed optimum activity at pH 9 in Tris-HCl and maintained more than 75% of its activity at pH 8 and 10. Enzyme activity was not affected when LipGt6 was incubated in Tris-HCl at pH 9–10 for 1 h (Figure 4a,c). In Tris-HCl at pH 9, the maximum enzyme activity was observed for purified LipGt6 at 50 °C, and the enzyme maintained more than 90% of its activity at 40 to 70 °C (Figure 4b). LipGt6 was incubated at 50 °C, 60 °C, and 70 °C for 3 h, and the enzyme was stable without any significant loss of activity. However, the stability of LipGt6 sharply decreased at temperatures above 80 °C, and approximately 40% of the residual activity was maintained after 1 h (Figure 4d).




3.5. Effects of Metal Ions, Surfactants, and Oxidizing Agents on LipGt6


The effect of metal ions and detergents on enzyme activity was determined using pNP-C8 as a substrate. At 5 mM, the metal ions Mg2+, Mn2+, Ca2+, and Na+ activate the enzyme. LipGt6 activity was significantly inhibited by Zn2+, Ni2+, Cu2+, and Fe2+ (Figure 5). LipGt6 was compatible with the following surfactants: SDS and Triton X-100. In the presence of 1% H2O2 and sodium deoxycholate, LipGt6 retained 70 to 75% relative activity, but incubation with Tween 20 or Tween 80 for 1 h significantly reduced the enzyme activity, as 30% of the activity remained (Table 1).




3.6. Analysis of the LipGt6 Catalytic Triad


An esterase from G. thermodenitrificans (PDB: 7E16), a member of the GDSL hydrolase family with 32.06% amino acid sequence homology to LipGt6, was used to construct the LipGt6 model. The structural model of LipGt6 shows five central β-sheet structures surrounded by nine α-helices. The predicted catalytic triad that contains serine, aspartate, and histidine is clearly present on the surface mode structure (Figure 6a). To confirm that the predicted catalytic triad was the actual active site, site-directed mutagenesis was used to substitute these three amino acid residues of the catalytic triad (Ser47, Asp221, and His224) with alanine. The engineered proteins were overexpressed in E. coli BL21-codonplus (DE3) cells, and the residual enzyme activity of the mutants was assayed after the proteins were purified by Ni-affinity chromatography (Figure 6b). The reported catalytic triad of the GDSL family lipase Lip29 consists of Ser53, His230, and Asp227, which are commonly conserved residues [14]. LipGt6 exhibited less than 20% activity after mutation of Ser47 and His224, and mutation of Asp221 did not affect the activity. Bacillus sp. K91 encodes Est8, an esterase with reduced activity upon mutation of Ser, Asp, and His residues, while still retaining detectable activity [23]. Based on the results obtained with this mutation, the catalytic residues Ser and His of LipGt6 were more critical than Asp. The potential catalytic triad found in known GDSL lipases may not be the critical amino acid that participates in the lipolytic reaction of LipGt6. The specific lipolytic activity of LipGt6 may involve an unknown catalytic motif.





4. Discussion


Due to their biotechnological potential, lipolytic enzymes are attracting enormous attention [24,25]. Most lipases used in industry are microbial enzymes that originate from fungal or bacterial sources. Bacterial lipolytic enzymes II family are widespread, display broad substrate specificities, and have a diverse range of hydrolytic functions, such as carboxylesterase, lipase, protease, thioesterase, lysophospholipase, and acyltransferases activities [22]. Numerous family II esterases have been characterized. The thermophilic bacterium Bacillus sp. K91 encodes an esterase, Est19, which is highly stable in alkaline solutions, denaturants, and detergents; is stable at 60 °C; and has deacetylase activity in semisynthetic antibiotics [26]. Recombinant EstL5 from G. thermodenitrificans T2 was characterized. EstL5 displayed 24% of its highest activity at 0 °C and exhibited a unique cold-adaptation feature [27,28]. A novel GDSL esterase J15 was activated by Tween-20, -60, and Triton X-100 and inhibited by 1 mM SDS [29]. To date, there have been few reports on the natural characteristics and structural features of GDSL family lipases. In this study, LipGt6, a new thermophilic lipase, from G. thermoleovorans H9, was cloned, purified, and characterized. The sequences were processed using DNAMAN Version 6.0 (Lynnon Biosoft, San Ramon, CA, USA). LipGt6 has 85.77% similarity with G. thermocatenulatus Lip29 [14]. However, they have different substrate preferences. Lip29 exhibited the maximum activity towards long-chain fatty acids (C12–C16) and almost no activity towards short-chain fatty acids. The recombinant LipGt6 exhibited the highest activity towards medium- and long-chain fatty acids (C8–C14). LipGt6 has 12.6% sequence similarity with the lipase Lip486 [17]. Both Lip29 and Lip486 are reported lipases that belong to the GDSL family.



Sequence comparison analysis of LipGt6, a GDSL family lipase, revealed a Gly-Asp-Ser-(Leu) [GDS(L)] motif that contained an active-site serine residue. Site-directed mutagenesis was used to substitute these three amino acid residues of the catalytic triad (Ser47, Asp221, and His224) with alanine. The activity of the D221A mutant was unaffected, whereas the activity of the S47A and H224A mutants was the same as that of the negative control, indicating that the S47A and H224A mutants were inactive. Typically, the catalytic triad involves a histidine, an aspartic residue that lies three positions upstream of the active-site histidine, and an important serine [30], as observed in G. thermocatenulatus Lip29 [14] and Bacillus sp. Est19 [26]. Brumlik and Buckley [31] proposed that the aspartic acid residue is Asp-116, which is located in block III, and the catalytic triad of the enzyme consists of Ser-16, Asp-116, and His-291. The specific lipolytic activity of LipGt6 may involve an unknown catalytic motif. More structural information is needed to establish whether LipGt6 proteins share a common architecture of their catalytic triad (or dyad) in addition to the similarity of their sequences [32].



In this study, the lipase LipGt6 had a molecular weight of 28 kDa, and its optimal temperature and pH were 50 °C and 9.0, respectively. The enzyme was also thermostable up to 70 °C. Optimum temperature and pH for Bacillus stearothermophilus P1 lipase were 55 °C and pH 8.5 and it was highly stable in the temperature range of 30–65 °C [33]. Lee et al. purified two thermostable lipases (A and B) from Bacillus thermooleovorans ID-1 [34]. Lipase A and B have optimal temperatures of 60–65 °C and 60 °C, respectively, while the pH optima were 9 and 8–9, respectively. The detergent industry is an important application field for lipase. Surfactants and oxidants play a major role in detergents. Generally, the surfactant has negative effects on enzymatic hydrolysis and acts as a competitive inhibitor in the reaction system. The detergent lipases must be highly tolerant to surfactants and detergent additives. In the presence of 1% detergents such as Tween-20 and sodium deoxycholate, lipase P1 showed 14% and 42% relative activity, respectively [33]. LipGt6 retained 30% and 75% relative activity, respectively. In addition, it was reported that 0.1–1% H2O2 completely inhibits the B. smithii lipase [35]. In the presence of 1% H2O2, LipGt6 retained 69.5% relative activity. Therefore, it has good application prospects in the detergent industry.



Researchers have suggested that the change in lipase activity may result from a conformational change in the interaction between lipase and metal ions [36]. The L1 lipase structure shows a novel zinc-coordinated extra domain that is conserved among members of the lipase family I.5. The novel zinc site stabilizes the structural domain by coordinating with His-81, Asp-61, and Asp-238. Calcium-dependent stability has been demonstrated by Kim et al.; lipase L1 begins to unfold at 66 °C in the presence of calcium ions but at 58 °C in the absence of calcium. The residues of the Ca2+-binding site are located near the catalytic His and Asp residues, stabilizing the active center of these enzymes [37]. Many of the lipases were activated when Ca2+ and Mg2+ were added [38,39]. LipGt6 enzyme activity was increased in the presence of 5 mM Mg2+ (117.49%) and Ca2+ (113.50%). However, no similar calcium-binding site has been reported in the lipase II family. Further structural information and experimental data are required to determine whether there are related residues.




5. Conclusions


The thermophilic lipase LipGt6, which belongs to the GDSL hydrolase family, was cloned and characterized in this work. The enzyme exhibited the highest activity against medium- and long-chain fatty acids and showed high stability in alkaline solutions, at 70 °C, and in the presence of detergents and oxidizing agents, which is important for its application as a detergent additive. The biochemical functions (structure-function relationships) of many GDSL family lipases remain unknown and should be further investigated.
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Figure 1. Multiple sequence alignment of LipGt6 with other GDSL families of esterases and lipases. Secondary structures including α-helices and β-sheets are shown based on PDB 4JGG. The five conserved blocks of I, II, III, IV, and V are boxed. Closed triangles indicate amino acid residues that are conserved in the catalytic triad. Closed circles represent four invariant important catalytic residues. 4JGG: GDSL-family lysophospholipase of Pseudomonas aeruginosa; TLip: arylesterase of Thauera sp. (Accession No. WP_038010598); Lip29: GDSL-family lipase of Geobacillus thermoleovorans (Accession No. ASS99449.1); EstL5: GDSL-family esterase of Geobacillus thermodenitrificans T2 (Accession No. ACD02023). 
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Figure 2. SDS-PAGE analysis of recombinant LipGt6. Lane M: standard protein molecular mass markers; lane 1: crude enzyme extract; lanes 2: flow-through fraction; lanes 3, 4, 5, and 6: elution fractions with 5, 10, 50, and 100 mM imidazole, respectively. 
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Figure 3. Substrate specificity of recombinant LipGt6. Reactions were incubated at 50 °C with 50 mM Tris-HCl buffer, pH 9.0. C2, pNP-C2; C4, pNP-C4; C8, pNP-C8; C10, pNP-C10; C12, pNP-C12; C14, pNP-C14; C16, pNP-C16; C18, pNP-C18. Data points are the average of triplicate experiments, and the bars indicate the standard deviations. 
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Figure 4. Effects of pH and temperature on the activity of recombinant LipGt6. (a) Effects of pH on the activity of LipGt6 using pNP-C8 as a substrate. (b) Effects of temperature on the activity of LipGt6 using pNP-C8 as a substrate. (c) Effect of pH on the stability of LipGt6 using pNP-C8 as a substrate. (d) Effects of temperature on the stability of LipGt6 using pNP-C8 as a substrate. The data points in Figure 4 are the average of triplicate experiments, and the error bars represent the standard deviation. 
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Figure 5. Effects of metal ions on LipGt6 activity. The enzyme was subjected to activity assays after treatment with 5 mM metal ions (Zn2+, Mg2+, Ca2+, Mn2+, Cu2+, Ni2+, Fe2+, and Na+) for 1 h at 50 °C. The relative activity of the control without metal ions was regarded as 100%. Data points are the average of triplicate experiments, and error bars represent standard deviation. 
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Figure 6. Three-dimensional modelling and mutant activity of LipGt6. (a) The tertiary structure of LipGt6 was modelled based on that of an esterase from G. thermodenitrificans (PDB: 7E16). The catalytic triads are shown (Ser47, Asp221, His224). The β-sheet structures and α-helices are colored yellow and red, respectively. (b) Retention enzyme activity of the S47A, D221A, and H224A mutants. Data points in Figure 6b are the average of triplicate experiments, and error bars represent the standard deviation. 
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Table 1. Effects of surfactants and other chemical reagents on LipGt6.
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	Chemical Reagents
	Relative Activity (%)





	CK
	100.00 ± 3.93



	1 mM SDS
	40.05 ± 1.94



	1% Triton X-100
	41.70 ± 2.18



	1% Tween-80
	28.03 ± 1.55



	1% Tween-20
	29.26 ± 1.68



	1% sodium deoxycholate
	75.72 ± 5.76



	1% H2O2
	69.50 ± 16.61



	5% NaClO
	4.09 ± 0.17



	1% NaClO
	10.70 ± 0.18
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