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Abstract

:

In the α/β hydrolases superfamily, the extra module modulated enzymatic activity, substrate specificity, and stability. The functional role of N-terminal extensional long α-helix (Ala2-Glu29, designated as NEL-helix) acting as the extra module in the arylesterase LggEst from Lacticaseibacillus rhamnosus GG had been systemically investigated by deletion mutagenesis, biochemical characterization, and biophysical methods. The deletion of the NEL-helix did not change the overall structure of this arylesterase. The deletion of the NEL-helix led to the shifting of optimal pH into the acidity and the loss of thermophilic activity. The deletion of the NEL-helix produced a 10.6-fold drop in catalytic activity towards the best substrate pNPC10. NEL-Helix was crucial for the thermostability, chemical resistance, and organic solvents tolerance. The deletion of the NEL-helix did not change the overall rigidity of enzyme structure and only reduced the local rigidity of the active site. Sodium deoxycholate might partially replenish the loss of activity caused by the deletion of the NEL-helix. Our research further enriched the functional role of the extra module on catalysis and stability in the α/β hydrolase fold superfamily.
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1. Introduction


As a rapidly growing enzyme family, the α/β hydrolase fold superfamily is highly diverse in sequence, but shares a common fold and a similar active center [1,2]. Most α/β hydrolases contain two domains, the conserved catalytically active core domain and an extra domain which is a cap, a lid, or other module at the N- and/or C-terminus [3]. Despite high structural conservation of the catalytically active core domain and catalytic machinery, α/β hydrolases exhibit a high sequence diversity and a broad variety of catalytic activities [4,5]. With sequence and structural diversity, these extra modules extending from the catalytically active core domain are responsible for determining and regulating catalytic activity, substrate specificity, and the stability of the α/β hydrolases [6,7,8]. The extra domain has been the hotspot for enzyme engineering of enzymatic properties such as catalytic activity and thermostability [9,10,11].



As the typical α/β hydrolase, the esterases and lipases have been widely investigated to explore the sequence-structure-function relationships of the α/β hydrolase fold superfamily [8,11,12,13,14]. Lid swapping for the lipase B from Candida antarctica elucidated the plasticity of the α/β hydrolase fold [11]. The α-helical cap domain of the esterase AsFAE from Alistipes shahii and the loop containing the catalytic triad Asp of the feruloyl esterase from Lactiplantibacillus plantarum shaped the substrate-binding pocket and unraveled the molecular mechanism of the substrate specificity [8,12]. The dimerization of the Pf2001 esterase revealed a temperature-dependent activation mechanism and was necessary for the substrate channel formation in the active site cleft [13]. The acidic surface of the esterase EstN7 from Bacillus cohnii N1 played a role in the cold-adaption [14]. Furthermore, the esterases and lipases have exhibited considerable potential for a broad range of applications because of the regio- and stereoselectivity, the stability in nonpolar media, and the ability to catalysis of alcoholysis, esterification, and transesterification [15,16,17,18]. Bacterial esterases and lipases from the hormone-sensitive lipase (HSL) family corresponding to the bacterial family IV [19] typically possessed an extra cap domain extending from the catalytically active core domain and covering the active site [20,21]. It had been suggested that the extensional N-terminal module of the cap domain with various length participated in substrate binding and was important for several enzyme functions [22]. The N-terminal cap (36 residues) of the thermophilic esterase EST2 from Alicyclobacillus acidocaldarius played a key role in catalytic activity, substrate specificity, regioselectivity, and conformational stability [22,23]. The N-terminal domain (97 residues) of the lipase PsyHSL from Psychrobacter sp. TA144 was involved in enzyme catalysis [24].



In our previous study, the arylesterase LggEst from the probiotics L. rhamnosus GG (LGG) had been biochemically characterized in detail [25]. The crystal structures of both the esterase B (PDB id 4PO3 and 4OUK) from L. rhamnosus HN001 and the esterase B (PDB id 4N5I and 4N5H) from L. rhamnosus Lc705 sharing identical sequence with LggEst had been determined and deposited into the Protein Data Bank [26]. These structures exhibited that the arylesterase LggEst possessed the catalytically active core domain with a canonical α/β hydrolase fold and an extra module at the N-terminus consisting of only an extensional long α-helix (28 residues, Ala2-Glu29) and extending from the catalytically active core domain. In this study, we focused on the role of the N-terminal extensional long α-helix (NEL-helix) in the arylesterase LggEst on catalysis and stability.




2. Results and Discussion


2.1. Location of N-Teminal Extensional Long α-Helix (NEL-Helix)


A structural analysis for ten bacterial esterases [21,26,27,28,29,30,31,32,33,34] from the GDSAG motif subfamily [35] of the HSL family exhibited that this group of esterases were comprised of the catalytic active core domain with the canonical α/β hydrolase fold and an extra domain (Figure 1), similar to other members of the α/β hydrolase fold superfamily. Especially, the extra cap domain of these esterases was composed of one α-helix or two short α-helices (α1-2) locating at the N-terminus and two short α-helices (α6-7) positioning between the strands β6 and β7 (Figure 1), and covered the active site consisting of the catalytic triad Ser-Asp-His with the conserved serine motif of GDSAG and the GGGX-type oxyanion hole (Figure 1A). The functional role of N-terminal module with two short α-helices (Figure 1B) in the thermophilic esterase EST2 from A. acidocaldarius had been reported [22,23].



The complex structure of the esterase B from L. rhamnosus HN001 sharing identical sequence with the arylesterase LggEst showed that the catalytically active core domain possessed a canonical α/β hydrolase fold consisting of a mostly parallel, eight-stranded β-sheet surrounded by α-helices on both sides (Figure 2A). Unlike the other bacterial esterases from the GDSAG motif subfamily containing one α-helix or two short α-helices at the N-terminus, only a long α-helix (28 residues, Ala2-Glu29) at the N-terminus in the arylesterase LggEst acted as the extra module extending from the catalytically active core domain to its top (Figure 2A). Furthermore, the NEL-helix of LggEst participated in the formation of the shallow substrate binding pocket (Figure 2B), such as the residues Ser14, Trp15, Thr18, and Arg21 (Figure 2C). Structural analysis for the α/β-hydrolases displayed that most cap domains formed the top part of the substrate binding site [3].



To probe into the role of the NEL-helix in the arylesterase LggEst on catalysis and stability in the HSL family, the deleted mutant ∆NEL-helix was constructed. To prevent the influence of the N-terminal (His)6-tag on the role of this N-terminal α-helix, the arylesterase LggEst wild type and the deleted mutant had been successfully cloned into the vector pET-28a with the C-terminal (His)6-tag (Figure S1 in Supplementary Materials), and purified to homogeneity with Ni-NTA affinity chromatography by the analysis of SDS-PAGE (Figure S2 in Supplementary Materials). Although enzymatic properties of the arylesterase LggEst with the N-terminal (His)6-tag had been reported previously [25], the arylesterase LggEst wild type with the C-terminal (His)6-tag would still be characterized as the comparison with the deleted mutant in this study.




2.2. Role of the NEL-Helix on Overall Structure


The secondary structures of the arylesterase LggEst wild type and the deleted mutant ∆NEL-helix had been investigated by CD. The far-UV CD spectra had a maximal peak at 195 nm and a minimal peak at 210–220 nm (Figure 3). It had been indicated that LggEst wild type and the deleted mutant maintained the α/β hydrolase fold and the deletion of the NEL-helix did not change the overall structure of this enzyme. The decrease in the peak of the deleted mutant at 195 nm showed that the deletion of the NEL-helix reduced the α-helical content of this arylesterase (Figure 3).




2.3. Role of the NEL-Helix on Optimum pH and Temperature


Arylesterase LggEst wild type and the deleted mutant possessed an optimum pH in 6.5 and 5.5, respectively (Figure 4A). Wild type showed higher activity in neutral and basic pH compared with the deleted mutant, and maintained the activity of 54–98% in pH 7–9. However, the deleted mutant displayed high activity (>79%) in acidic pH 4.5–6.5, and retained the activity of 63% even in pH 4.0. The deletion of the NEL-helix improved catalytic ability of this enzyme LggEst in acidic pH 4–6.



Arylesterase LggEst wild type and the deleted mutant presented the highest activities at 45 °C (Figure 4B). Wild type and the deleted mutant displayed similar activities at the temperatures ranging from 20 to 45 °C. Wild type maintained considerable activity (73%) at 60 °C and the activity of 48% even at 65 °C (Figure 4B). However, enzymatic activity of the deleted mutant was reduced dramatically at high temperatures (55 and 60 °C) and the deleted mutant was almost inactive at 60 °C. It had been suggested the deletion of the NEL-helix resulted in a marked decrease in catalytic activity of this enzyme at high temperatures. The N-terminal α-helix of acylpeptide hydrolase from Aeropyrum pernix K1 and N-terminal region of the esterase E34Tt from Thermus thermophilus HB27 had been proven to play an important role in hyperthermophilic activity [37,38].




2.4. Role of the NEL-Helix on Catalysis and Selectivity of Acyl Chain Length


The role of the NEL-helix on catalysis and substrate selectivity of the arylesterase LggEst had been explored. Enzyme kinetic parameters of LggEst wild type and the deleted mutant on pNP esters with the acyl chain of different lengths from C2 to C12 were determined at 45 °C in pH 7.5 (Table 1, Figures S3 and S4 in Supplementary Materials LggEst wild type might efficiently hydrolyze the pNP esters from pNPC2 to pNPC10 with the Vmax of 28.6 to 102.8 µmol min−1 mg−1, corresponding to the turnover numbers kcat of 17.4 to 62.7 s−1. The deleted mutant resulted to be active on pNP esters, but exhibited lower catalytic activity and the kcat decreased 3.7–14.3 folds compared with wild type. It had been revealed that the NEL-helix played an important role in catalytic activity of this arylesterase. The residues Ser14, Trp15, Thr18, and Arg21 located at the NEL-helix participated in the formation of the shallow substrate binding pocket (Figure 2B,C), and deletion of the NEL-helix might change the shape and size of the substrate binding pocket. Some studies have suggested that the N-terminal extensional α-helix affected the catalytic activity of bacterial esterases and lipases from the HSL family. The deletion of N-terminal two α-helices (36 residues) in the esterase EST2 from A. acidocaldarius resulted in a 8.4-fold decrease in kcat on the pNPC6 [22]. This deleted mutant with the deletion of 97 residues at the N-terminus in the HSL lipase from Psychrobacter sp. TA144 was inactive [24]. However, some enzymes did not agree with this conclusion. The N-terminal extension of the indole-3-glycerol phosphate synthase did not affect enzymatic activities [39], and the truncation of N-terminus of the phenylalanine hydroxylase from Chromobacterium violaceum improved catalytic activity [40].



Deletion of the NEL-helix increased the Michaelis constants KM of this arylesterase on the esters with short and medium acyl chains (pNPC2, pNPC4, and pNPC6), but slightly improved the affinities on the esters with medium and long acyl chains (pNPC8, pNPC10, and pNPC12) (Table 1). NEL-helix of this arylesterase regulated the substrate affinity in catalysis, which could be caused by the deletion of this long α-helix enlarged the substrate binding cleft (Figure 2B). N-terminal two α-helices of the esterase EST2 from A. acidocaldarius affected the affinity towards pNPC6 [22]. N-terminal extension of the indole-3-glycerol phosphate synthases was important for substrate affinity in catalysis [41]. Both LggEst wild type and the deleted mutant displayed the highest catalytic efficiency kcat/KM towards pNPC10, and thus NEL-helix did not affect the selectivity of acyl chain length, although the deletion of this long α-helix afforded a 10.3-fold decrease in catalytic efficiency towards the preferred substrate pNPC10 (Table 1). The deletion of N-terminal two α-helices in the esterase EST2 from A. acidocaldarius produced a 104-fold decrease in catalytic efficiency on pNPC6 [22].




2.5. Role of the NEL-Helix on Thermal and Chemical Stability


The N-terminal region was critical for the stability of thermophilic esterases [22,37,40]. Enzyme inactivation experiments had been performed in order to explore the role of NEL-helix on the stability of this arylesterase. Thermal and GdnHCl-induced inactivation curves showed that the deletion of the NEL-helix significantly reduced thermal and chemical stability of this arylesterase (Figure 5A,C). LggEst wild type still retained the activities of 90.3% after incubation for 30 min at 45 °C, but residual activity of the deleted mutant was only 4.6% after incubation for 30 min at 45 °C (Figure 5A). As in thermal inactivation tests, LggEst wild type exhibited better chemical resistance than the deleted mutant. After the treatment with 0.6 M of GdnHCl for 2 h, LggEst wild type and the deleted mutant retained 61.4% and 1.8% of original activity, respectively (Figure 5C). The C50 value of the deleted mutant decreased by 0.52 M compared with wild type (Table 2). The NEL-helix was crucial for stabilizing this enzyme in proper conformation for optimal catalytic activity, as the highly conserved N-terminal region of the firefly Photinus pyralis luciferase [42].



Furthermore, in order to clarify the role of this long α-helix on conformational stability, thermal and chemical unfolding of LggEst wild type and the deleted mutant were investigated by CD and fluorescence spectrometry. Thermal unfolding curves (Figure 5B) showed that the melting temperature Tm of the deleted mutant was similar to that of wild type (Table 2). This was consistent with the results from GdnHCl-induced unfolding using fluorescence spectrometry by monitoring the microenvironment of the tryptophan (Figure 5D). The deleted mutant presented slightly lower Cm2 value than wild type, although the Cm1 value of the deleted mutant was considerably lower than that of wild type. It had been revealed that the deletion of NEL-helix did not change the overall rigidity of enzyme structure. Together with the decreased thermostability and chemical resistance, these results suggested that the destabilizing effect of the deletion of the NEL-helix might come from the decreased local rigidity of the active site. The α-helix was rigid, thus the deletion of this long α-helix could decrease local rigidity of the active site. The introduction of an extra α-helix at the C-terminus was a strategy for the xylanase to improve the thermostability [43].




2.6. Role of the NEL-Helix on Organic Solvents and DOC Tolerance


The effects of various organic solvents on catalytic activity of LggEst wild type and the deleted mutant have been investigated. LggEst wild type exhibited the remarkable tolerance on eight organic solvents at the concentration of 5% and kept 48–108% of activity (Figure 6). However, catalytic activity of the deleted mutant was markedly inhibited by most organic solvents except for ethylene glycol (Figure 6). Therefore, NEL-helix was essential for this arylesterase to maintain the resistance on organic solvents.



It was previously reported that enzymatic activity of this arylesterase LggEst with an N-terminal (His)6-tag was improved by ionic detergent DOC at the temperatures ranging from 30 to 65 °C [25]. An amount of 0.1% (w/v) DOC enhanced the activity of LggEst wild type with a C-terminal (His)6-tag at higher temperatures (45–65 °C) (Figure 7A), and 0.1% (w/v) DOC produced a remarkable increase in catalytic activity of the deleted mutant at a wider temperature range (20–60 °C) (Figure 7B). The presence of 0.1% (w/v) DOC partially replenished the loss of catalytic activity of this arylesterase caused by the deletion of the NEL-helix.





3. Materials and Methods


3.1. Bacterial Strains, Enzymes and Reagents


Oligonucleotide primers were synthesized by Sangon Biotech (Shanghai, China). TransStart® FastPfu Fly DNA polymerase and PCR related reagents were purchased from TransGen Biotech (Beijing, China). Escherichia coli DH5α was used as the host for gene cloning, and E. coli BL21(DE3) was used for protein over-expression. The substrates p-nitrophenyl acetate (pNPC2), p-nitrophenyl butyrate (pNPC4), p-nitrophenyl caprylate (pNPC8), p-nitrophenyl caprate (pNPC10), and p-nitrophenyl laurate (pNPC12) used for enzyme activity assay and kinetics were purchased from Sigma-Aldrich (St. Louis, MO, USA) except that p-nitrophenyl hexanoate (pNPC6) was provided by Tokyo Chemical Industry (Shanghai, China). Isopropyl-β-D-thiogalactoside (IPTG), kanamycin, imidazole, and guanidine hydrochloride (GdnHCl) were purchased from Sangon Biotech (Shanghai, China). Other chemicals for buffer and medium preparation were of analytical grade or higher.




3.2. Gene Cloning, Over-Expression and Purification


The arylesterase LggEst wild type and the deleted mutant genes were cloned into the vector pET-28a by the method prolonged overlap extension polymerase chain reaction (POE-PCR) [44], as previously described [45], by using the primers as listed in Table S1 in Supplementary Materials. The POE-PCR products were directly transformed into E. coli DH5α. The sequence of LggEst wild type and the deleted mutant genes were confirmed by DNA sequencing (Sangon Biotech, Shanghai, China). The over-expression of LggEst wild type and the deleted mutant in E. coli BL21(DE3) were induced for overnight at 16 °C by addition of 0.5 mM IPTG until OD600 reached 2.0. Then, the BL21(DE3) cells were harvested and resuspended in 50 mM phosphate buffer (pH 8.0) containing 12 mM imidazole, and then disrupted by sonication for 60 min by working for 2 s with an interval of 3 s. After sonication, the cell lysate was cleared by centrifugation at 9000× g for 30 min at 4 °C. The recombinant LggEst wild type and the deleted mutant was purified by Ni-NTA affinity chromatography (Qiagen, Hilden, Germany). The purified LggEst was further dialyzed twice in 50 mM phosphate buffer (pH 8.0). Protein concentrations were measured at 280 nm by NanoDrop 2000 UV-vis spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).




3.3. Circular Dichroism (CD) Spectroscopy


Far-UV CD spectra of LggEst wild type and the deleted mutant were monitored by Chirascan qCD spectropolarimeter (Applied Photophysics, Leatherhead, UK) from 190 to 260 nm at room temperature with the following parameters: protein concentration 6.0 µM, bandwidth 1.0 nm, data interval 1.0 nm, pathlength 1.0 cm, and scanning speed 30 nm min−1. Each scan was repeated three times and the average value was used for analysis. The baseline was measured by using 50 mM phosphate buffer (pH 8.0).




3.4. Enzyme Activity Assay


The enzyme activity assays had previously been described [25]. Enzymatic activities were measured by instantaneously monitoring the release of p-nitrophenol from the substrate pNPC8 at 405 nm in 50 mM phosphate buffer (pH 7.5) using an UV-5800PC spectrophotometer (METASH, Shanghai, China) equipped with a thermal controller, except that the effect of pH on enzymatic activity was determined by termination method. One unit of enzyme activity (U) was defined as the amount of enzyme releasing 1 μmol p-nitrophenol from the substrate per min at 45 °C in pH 7.5. All assays were performed in triplicate.




3.5. Effects of pH and Temperature on Activity


The effects of pH on enzymatic activities of LggEst wild type and the deleted mutant were determined at 45 °C in 30 mM wide range buffer ranging from pH 4.0 to pH 11.0 as previously described [25]. The wide range buffer contained 30 mM each of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 3-[[1,3-dihydroxy-2-(hydroxymethyl)propan-2-yl]amino]propa-ne-1-sulfonic acid (TAPS), 3-(cyclohexylamino)-1-propanesulfonicacid (CAPS), 2-(N-morpholino)ethanesulfonic acid (MES), and acetic acid, and was adjusted to the appropriate pH with 1 M NaOH at 45 °C. The effects of temperatures on the enzymatic activity of LggEst wild type and the deleted mutant were determined at the temperature ranges from 20 to 65 °C and from 20 to 60 °C, respectively.




3.6. Enzyme Steady-State Kinetics


Enzyme kinetics of LggEst wild type and the deleted mutant for the substrates pNPC2, pNPC4, pNPC6, pNPC8, pNPC10, and pNPC12 were determined. For the p-nitrophenyl esters with different acyl chain lengths, appropriate substrates concentrations ranges and appropriate enzyme concentrations were used for measuring the initial rate of hydrolysis reaction. Kinetic parameters Vmax and KM were acquired by fitting catalytic activities as a function of substrate concentrations to the Michaelis-Menten equation using non-linear regression of the software GraphPad Prism 6. The parameter kcat was obtained by using the equation kcat = Vmax/[E], where [E] was the molar concentration of the enzyme.




3.7. Thermal Inactivation and Thermal Unfolding for Arylesterase


Thermal inactivation experiments of LggEst wild type and the deleted mutant were performed by pre-incubating the enzymes (1.0 mg mL−1) for specified time intervals at 45 °C. The enzyme samples were then cooled on ice and residual activities were measured.



Thermal unfolding measurements of LggEst wild type and the deleted mutant were carried out by detecting the change of mdeg value at 222 nm using Chirascan qCD spectropolarimeter (Applied Photophysics, London, UK). A protein concentration of 0.2 mg mL−1 was used. Denaturizing curves were recorded from 30 to 70 °C at a rate of 2 °C min−1. The baseline scan was measured using 50 mM phosphate buffer (pH 8.0). The thermograms (mdeg versus temperature) were analyzed using a two-state model in which the melting temperature (Tm) was fitted using the software 1stopt.




3.8. Chemical Inactivation and Chemical Unfolding Induced by GdnHCl


The inactivation of LggEst wild type and the deleted mutant induced by guanidine hydrochloride (GdnHCl) was performed by incubating the proteins (final concentration of 0.1 and 0.8 mg mL−1 for wild type and the deleted mutant, respectively) with a set of concentrations of GdnHCl for 2 h at room temperature. The residual activities were measured in 50 mM phosphate buffer (pH 7.5) containing the corresponding concentration of GdnHCl. The C50, which indicates the concentration of GdnHCl capable of inhibiting 50% of the catalytic activity, was estimated as previously described [46].



Chemical unfolding induced by GdnHCl was performed by incubating 0.1 mg mL−1 of proteins with a list of concentrations (0.0–5.0 M) of GdnHCl for 12 h at room temperature. The GdnHCl-induced unfolding for LggEst wild type and the deleted mutant were monitored using a fluorescence spectrophotometer LS55 (PerkinElmer, Waltham, MA, USA) with an excitation wavelength of 290 nm at 25 °C. The fluorescence spectra were recorded at the wavelengths between 300 and 400 nm at a scanning speed of 300 nm min−1. The unfolding experiments were performed twice and the processed data were given as the means of two measurements. The data for wild type and the deleted mutant were analyzed by a three-state model using the software 1stopt 3.0. The Cm, the GdnHCl concentration at the midpoint of the GdnHCl-induced unfolding curve, were obtained as previously described [46].




3.9. Effects of Organic Solvents and Sodium Deoxycholate (DOC) on Activity


The effects of organic solvents on enzymatic activity of arylesterase LggEst wild type and the deleted mutant were determined by measuring catalytic activities in the standard assay described above using pNPC8 as the substrate with 10% and 20% (v/v) of various organic solvents.



The effects of DOC on enzymatic activity of arylesterase LggEst wild type and the deleted mutant at different temperatures were determined by measuring catalytic activities in the standard assay described above using pNPC8 as the substrate with 0.1% (w/v) DOC at different temperatures.





4. Conclusions


Unlike the other bacterial esterases from the GDSAG motif subfamily of the HSL family using one or two short α-helices as a part of the cap domain at the N-terminus, only a long α-helix (Ala2-Glu29, NEL-helix) in the arylesterase LggEst acted as the N-terminal module of the cap domain extending from the catalytically active core domain to its top and participated in the formation of the shallow substrate binding cleft. The deletion of the NEL-helix did not change the overall structure of this arylesterase. The deletion of the NEL-helix led to the shifting of optimal pH into the acidity and the loss of thermophilic activity. The NEL-helix played an important role in catalytic activity and did not affect the selectivity of the acyl chain length. The NEL-helix was crucial for thermostability, chemical resistance, and the tolerance towards organic solvents. However, the deletion of NEL-helix did not change the rigidity of the overall structure and only reduced the local rigidity of the active site. The present work elucidated the role of the NEL-helix on catalysis and stability in the HSL family.
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Figure 1. The overall structures of bacterial esterases belonging to the HSL family. (A) Secondary structures topology diagram of the HSL family. The α-helices and β-sheets are represented by cylinders and arrows, respectively. The catalytically core domain is shown in gray and white, and the additional modules are shown in blue. The locations of the conserved residues of the catalytic machinery are shown in orange. (B) The 3D structure of arylesterase EST2 (1EVQ) from A. acidocaldarius [27]. (C) The 3D structure of arylesterase AFEST (1JJI) from Archaeoglobus fulgidus [28]. (D) The 3D structure of the esterase PestE (2YH2) from Pyrobaculum calidifontis VA1 [29]. (E) The 3D structure of the esterase EstE7 (3DNM) from a metagenomic library [30]. (F) The 3D structure of the esterase E40 (4XVC) from a marine sedimental metagenomic library [31]. (G) The 3D structure of the esterase EstE5 (3FAK) from a soil metagenomic library [32]. (H) The 3D structure of the esterase EstD11 (7AT0) from a hot spring metagenomic library [21]. (I) The 3D structure of the esterase EstE1 (2C7B) from metagenomic library [33]. (J) The 3D structure of the esterase Sto-Est (3AIK) from Sulfolobus tokodaii 7 [34]. (K) The 3D structure of the esterase B (4PO3) from L. rhamnosus HN001 [26]. These structural images are generated using the software PyMOL [36]. 
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Figure 2. Location of N-terminal extensional long α-helix of arylesterase LggEst shown in cartoon (A) and surface (B), and the substrate binding cleft of LggEst (C). N-terminal extensional α-helix (Ala2-Glu29) is shown in blue. The ligand (2R)-2,3-dibutoxypropyl hydrogen (S)-propylphosphonate (HY4) is shown in pink ball and sticks. The catalytic triad are shown in green ball and sticks. The residues serving as the oxyanion hole are shown in cyan ball and sticks. These structural images of LggEst are generated using the software PyMOL based on 3D structure (PDB id: 4PO3) of the homologue esterase B from L. rhamnosus HN001. 
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Figure 3. Far−UV CD spectra of arylesterase LggEst wild type and the deleted mutant. CD spectra were recorded from 190 to 260 nm. The spectra of wild type and the deleted mutant are shown in blue and orange, respectively. Protein concentration of 0.1 mg mL−1 was used for the analysis. 
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Figure 4. Effects of pH and temperature on enzymatic activities of arylesterase LggEst wild type and the deleted mutant. (A). Effects of pH on enzymatic activities of LggEst wild type and the deleted mutant at 45 °C under pH 4–9. Enzymatic activities of wild type and the deleted mutant are normalized as percentages of maximum activity in pH 6.5 and pH 5.5, respectively. (B) Effects of temperature on enzymatic activities of LggEst wild type and the deleted mutant in 50 mM NaH2PO4-Na2HPO4 buffer (pH 7.5) at 20–65 °C. Enzymatic activities are normalized as percentages of maximum activity at 45 °C. The data for wild type and the deleted mutant are shown in blue square and orange circle, respectively. All reactions were performed in triplicate, and error bars represent the standard deviations of mean. 
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Figure 5. Thermal and chemical stabilities of arylesterase LggEst wild type and the deleted mutant. (A) Thermal inactivation profiles of LggEst wild type and the deleted mutant. After incubating the enzymes (1.0 mg mL−1) for specified time intervals at 45 °C, the residual activities were measured in 50 mM phosphate buffer (pH 7.5) at 45 °C using pNPC8 as the substrate. Enzymatic activity of LggEst without incubation is taken as the 100%. All reactions were performed in triplicate, and error bars represent the standard deviations of mean. (B) Thermal unfolding of LggEst wild type and the deleted mutant monitored by CD scanning. Protein concentration of 1.0 mg mL−1 was used for the analysis. Denaturizing curves were recorded from 30 °C to 70 °C with a rate of 1 °C min−1. The fitted curves for protein unfolding were shown in gray solid lines. (C). GdnHCl−induced inactivation of LggEst wild type and the deleted mutant. After 2 h of incubation with varied concentrations of GdnHCl at room temperature, the residual activities were measured in 50 mM phosphate buffer (pH 7.5) at 45 °C using pNPC8 as the substrate. All reactions were performed in triplicate, and error bars represent the standard deviations of mean. (D) GdnHCl−induced unfolding of LggEst wild type and the deleted mutant monitored by fluorescence spectrophotometry. The fluorescence spectra were recorded at the wavelengths between 300 and 400 nm with an excitation wavelength at 290 nm under a scanning speed of 1200 nm min−1. The fitted curves for protein unfolding were shown in gray solid lines. The measured data for LggEst wild type and the deleted mutant are shown in blue square and orange circle, respectively. 
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Figure 6. Effects of organic solvent on enzymatic activities of arylesterase LggEst wild type and the deleted mutant. Enzymatic activity by adding the corresponding volume of water is taken as the control. All reactions were performed in triplicate, and error bars represent the standard deviations of mean. The enzymatic activities for LggEst wild type and the deleted mutant are shown in blue and orange, respectively. 
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Figure 7. Effects of 0.1% (w/v) DOC on enzyme activity of arylesterase LggEst wild type and the deleted mutant at different temperatures. (A) Effects of 0.1% (w/v) DOC on enzyme activity of LggEst wild type at 20–65 °C. The enzymatic activities without and with 0.1% (w/v) DOC are shown in blue square and circle, respectively. (B) Effects of 0.1% (w/v) DOC on enzyme activity of arylesterase LggEst deleted mutant at 20–60 °C. The enzymatic activities without and with 0.1% (w/v) DOC are shown in orange square and circle, respectively. Enzymatic activity by adding the corresponding volume of 50 mM NaH2PO4-Na2HPO4 buffer (pH 7.5) was taken as the control. All reactions were performed in triplicate, and error bars represent the standard deviations of mean. 
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Table 1. Michaelis-Menten kinetic parameters of recombinant LggEst wild type and the deleted mutant.
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LggEst Wild Type

	
LggEst Deleted Mutant




	
Substrate

	
Vmax (µmol min−1 mg−1)

	
kcat (s−1)

	
KM (µM)

	
kcat/KM (M−1 s−1)

	
Vmax (µmol min−1 mg−1)

	
kcat (s−1)

	
KM (µM)

	
kcat/KM (M−1 s−1)






	
pNPC2

	
61.6 ± 2.3

	
37.6 ± 1.4

	
7.8 × 103 ± 0.6 × 103

	
4.8 × 103

	
16.1 ± 0.9

	
9.0 ± 0.5

	
11.2 × 103 ± 1.1 × 103

	
8.0 × 102




	
pNPC4

	
52.5 ± 2.6

	
32.0 ± 1.6

	
1.2 × 103 ± 0.1 × 103

	
2.7 × 104

	
14.7 ± 0.8

	
8.2 ± 0.4

	
1.5 × 103 ± 0.2 × 103

	
5.5 × 103




	
pNPC6

	
87.2 ± 7.5

	
53.2 ± 4.5

	
247.1 ± 32.2

	
2.2 × 105

	
25.5 ± 2.6

	
14.2 ± 1.5

	
433.4 ± 58.3

	
3.3 × 104




	
pNPC8

	
102.8 ± 5.1

	
62.7 ± 3.1

	
19.6 ± 2.6

	
3.2 × 106

	
7.8 ± 0.2

	
4.4 ± 0.1

	
12.7 ± 1.3

	
3.5 × 105




	
pNPC10

	
28.6 ± 0.8

	
17.4 ± 0.5

	
4.5 ± 0.5

	
3.9 × 106

	
2.7 ± 0.1

	
1.5 ± 0.1

	
3.9 ± 0.4

	
3.8 × 105




	
pNPC12

	
3.5 ± 0.1

	
2.0 ± 0.1

	
4.0 ± 0.2

	
5.0 × 105

	
4.5 × 10−1 ± 0.1 × 10−1

	
2.5 × 10−1 ± 0.1 × 10−1

	
3.1 ± 0.2

	
8.1 × 104
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Table 2. Thermodynamic parameters for enzyme inactivation and protein unfolding of LggEst wild type and the deleted mutant.
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	Enzymes
	C50 (M)
	Tm (°C)
	Cm1 (M)
	Cm2 (M)





	LggEst wild type
	0.76
	55.7
	1.2
	2.3



	LggEst deleted mutant
	0.24
	55.9
	0.2
	1.9
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