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Abstract

:

Phospholipase B (EC 3.1.1.5) are a distinctive group of enzymes that catalyzes the hydrolysis of fatty acids esterified at the sn-1 and sn-2 positions forming free fatty acids and lysophospholipids. The structural information and catalytic mechanism of phospholipase B are still not clear. Herein, we reported a putative phospholipase B (TmPLB1) from Talaromyces marneffei GD-0079 synthesized by genome mining library. The gene (TmPlb1) was expressed and the TmPLB1 was purified using E. coli shuffle T7 expression system. The putative TmPLB1 was purified by affinity chromatography with a yield of 13.5%. The TmPLB1 showed optimum activity at 35 °C and pH 7.0. The TmPLB1 showed enzymatic activity using Lecithin (soybean > 98% pure), and the hydrolysis of TmPLB1 by 31P NMR showed phosphatidylcholine (PC) as a major phospholipid along with lyso-phospholipids (1-LPC and 2-LPC) and some minor phospholipids. The molecular modeling studies indicate that its active site pocket contains Ser125, Asp183 and His215 as the catalytic triad. The structure dynamics and simulations results explained the conformational changes associated with different environmental conditions. This is the first report on biochemical characterization and structure dynamics of TmPLB1 enzyme. The present study could be helpful to utilize TmPLB1 in food industry for the determination of food components containing phosphorus. Additionally, such enzyme could also be useful in Industry for the modifications of phospholipids.
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1. Introduction


Phospholipase B (EC 3.1.1.5) are the unique group of enzymes that catalyzes the hydrolytic cleavage of fatty acids that are esterified both at the sn-1 and sn-2 positions. The hydrolysis reaction produces free fatty acids (FFAs) and lysophospholipids or glycerol-3-phosphodiesters [1,2,3]. Phospholipase B isolated from several fungi such as S. cerevisiae, C. albicans, C. utilus, P. chrysogenum, and C. neoformans showed hydrolase and acyltransferase activity. They showed high preference for substrate from lysophospholipids to diacylphospholipids and hydrolyzes diacylphospholipids without forming lysophospholipids. Some of the phospholipase B enzyme having lysophospholipase–transacylase activity which transfers free fatty acids to lysophospholipids and forms diacylphospholipid [4]. These enzymes are mostly found in animals and microbes. In animals, they are present in mammalian tissues and venom and have a potential role as virulence. They are also found in amoeba, bacteria, pathogenic, and nonpathogenic fungi. Their enzymatic activity has also been detected in some plants [1,5].



The structural features and catalytic mechanism showed that these enzyme contain C-terminal hydrophobic sequence with an extracellular domain and a signal peptide for secretion. They are usually glycosylated and termed as ecto-phospholipases. In animals, they possess huge extracellular domains that has four trails of similar repeats (I–IV) having II–IV with various GDSL and GXSXG motifs. The serine residues in domain II has the phospholipase B activity [1,6]. The GXSXG consensus sequence discovered in fungal phospholipase B have Arg, Ser, and Asp as catalytic triad [1,7].



The phospholipase B from different species prefers phosphatidylcholine as substrate, but PC also have an important action on lyso-phospholipids without any particular priority [1,8]. This substrate preference is important for industrial application, in food industry and oil degumming employing phospholipase B. Furthermore, the high selection to use phosphotiylcholine as substrate is the production of artificial phospholipids or the phospholipids that are not common in nature. Since phosphotiylcholine is abundantly found in nature and is used a starting material for industrial and research applications [1,9].



The large variety of Phospholipase B from fungi such as Saccharomyces cerevisae, Fusarium oxysporum, Aspergillus fumigatus, Cryptococcus neoformans, and Cryptococcus gattii have been reported to be expressed, characterized, and their applications mainly as oil degumming have been studied [1,10,11,12]. Apart from oil degumming as an important application, phospholipase B are also used to change or transform phospholipids. The change or modification includes hydrolysis of phospholipids, synthesis of particular phospholipids and changing one form of phospholipid to another. Such kind of hydrolysis reaction involves free fatty acids (FFAs) of phospholipids using phospholipase B [1].



Low temperature phospholipase B enzyme could be more economic and environmentally friendly. In the food industry they are preferred as they avoid changes in food ingredients. Although, vast applications of low temperature phospholipase B could be studied but this area has not been touched by most of the researchers as compared to thermotolerant phospholipases. These isolates shows optimal activity from 4–37 °C and gets inactive at 40–50 °C [1].



In the present work, a phospholipase B from Talaromyces marneffei TmPLB1 was synthesized and cloned. Further, the biochemical characterization and classification of various phospholipids was carried out using 31P NMR to describe the potential use of this enzyme in food industry for the analysis of phosphorus compounds in foods at low temperature. We also performed structural modeling and dynamics studies to check the catalytic triads and conformational profile of TmPLB1. The overall secondary structure of TmPLB1 was found to be flexible and stable at its optimum conditions. This study establishes a primary foundation for understanding the role of low temperature phospholipase B for Industrial application.




2. Material and methods


2.1. Reagents and Chemicals


Escherichia coli (E. coli) Top10 and plasmid pET-28a (+) (Invitrogen, Shanghai, China) were used as cloning host and vector in this study. E. coli Shuffle T7 express competent cells (Invitrogen, Shanghai China). A SanPrep Column plasmid mini-preps kits were purchased from Sangon Biotech (Shanghai, China) to extract plasmid. Bradford protein assay kit (Sangon Shanghai, China) was used for measurement of protein concentration. The Molecular protein marker (code No: 3595Q) was purchased from TaKaRa Biotechnology Co. Ltd. Dalian, China. Isopropyl β-d-1-thiogalactopyranoside (IPTG) (TaKaRa Biotechnology Co. Ltd. Dalian, China). Lecithin (Soybean PC > 98%), CDCl3, Methanol (Aladdin Industrial corporation #1008 Qigang Rd, Nanqiao Town, Fengxian Shanghai (201406), China). Triphenyl Phosphate (TPP, purity 99.9%) (Shanghai Macklin Biochemical Co. Ltd., Shanghai, China). Other chemicals and reagents used in present study were of analytical grade.




2.2. Cloning, Expression and Purification of TmPLB1


The putative TmPlb1 gene sequence ATCC 18,224 (Accession XP_002148877) was taken from the genomic data of Talaromyces marneffei GD-0079 a dimorphic fungi. The gene was artificially synthesized by Sangon Biotech (Shanghai, China). Furthermore, TmPlb1 gene was cloned into pET-28a (+) vector (Gene Copoeia Inc, Rockville, MD, USA) in the location between EcoRI and XhoI and fused with C terminal His tag. The plasmid pET-28a (+) TmPlb1 (Sangon Biotech, Inc., Shanghai, China) was used as template and the plasmid containing the gene TmPlb1 was further transformed into E. coli Shuffle T7 for protein expression. E. coli Shuffle T7 cells were grown at 37 °C in Luria-Bertani broth (1% Tryptone, 0.5% NaCl, and 0.5% Yeast extract) by kanamycin 50mg/mL), until the optical density (OD600) reached up to 0.6–0.8. Isopropyl β-d-1-thiogalactopyranoside (IPTG) initiated protein induction with 0.1 mM concentration, till 22 h at 20 °C at 200 rpm with shaking. The cells were harvested by centrifugation at 12,000 rpm for 20 min and lysed by ultrasonication in phosphate buffer saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4). The sonication was done at 4 s with 4 s interval for 15 min. Cells were further centrifuged at 10,000× g for 30 min to eliminate impurities and the lysate was analyzed prior purification. The cell lysate was filtered with 0.45 µm filter and applied to a His prepTM FF 16/10 (GE Healthcare, Uppsala, Sweden). The target protein was eluted with elution buffer B (500 mM Imidazole pH 7.4) and the purified protein was stored in Buffer A (20 mM Imidazole pH 7.4). The protein purification were analyzed by 12% SDS-PAGE (prepared in lab) and the protein concentration was analyzed by BCA protein assay kit from Sangon Biotech (Shanghai, China) according to the instructions provided in the manual of kit [13].




2.3. Biochemical Characterization of TmPLB1


2.3.1. Hydrolytic Assay


The hydrolytic assay was performed in a 50 mL conical flask to check activity of protein at 200 rpm. The hydrolysis of TmPLB1 using Soy PC (Lecithin) emulsion (PC 4 g, Triton X-100 25 g (w/v) and H2O to make volume 100 mL using 20 mM PB, pH 7.0, purified enzyme (0.5 mg/mL) at (35 °C) for 10 min, with the addition of 15 mL 95% ethyl alcohol to stop the hydrolysis reaction. The fatty acids were detected by titration with 50 mM NaOH [14]. The controls were measured by heating the enzyme at 100 °C to make it inactive for 15 min. After cooling to a certain temperature, it was used as described for active enzyme. One unit is defined as the amount of enzyme that released one micromole of fatty acids in one minute [15].




2.3.2. Effect of Temperature on TmPLB1 Activity


The optimum temperature for enzyme analysis were assessed using Soy PC (Lecithin) emulsion as substrate in 20 mM PB buffer at pH 7.0. The temperatures were selected from 20 to 55 °C [14]. The thermal stability of TmPLB1 were investigated by incubation of enzyme at different temperature including 30 °C, 35 °C, and 40 °C. At every 30 min, the samples were taken to check the relative activity.




2.3.3. Effect of pH on TmPLB1 Activity


The pH for enzymatic activity were analyzed in different buffers 100 mM citric acid-sodium citrate (pH 4.0 and 5.0), 100 mM phosphate buffer (pH 6.0, 7.0), 100 mM Tris-HCl (pH 8.0), and 100 mM Gly-NaOH (pH 9.0) with pH from 4.0 to 9.0 and reacted at 35 °C. The stability of pH were investigated by pre-incubating the purified TmPLB1 in buffers with pH values range of 5–9 for 12 h at 4 °C. Aliquots were then withdrawn, and relative enzymatic activity was determined [14].




2.3.4. Effect of Chemicals on TmPLB1 Activity and Stability


Metal ions (CsCl, KCl, MnCl2, FeCl3, NiCl2, NaCl, CaCl2, ZnCl2, Al2(SO4)3, and CuSO4) were used at 1 mM concentration using pH 7.0, and the enzyme stability were investigated by incubation at 4 °C for 2 h [15]. Detergents (1% and 5% w/v) such as Triton X-100, Tween-20, Tween-80, and SDS and organic solvents with a concentration of 50% (v/v) in the enzyme solution containing methanol, ethanol, 1-propanol, 2-propanol, and acetone were employed to check enzyme stability after coincubation for 2 h at 4 °C using pH 7.0. The measurement without adding chemicals was taken as 100% (control).




2.3.5. Circular Dichroism Spectroscopy Analysis


Circular dichroism measurements were performed by a ChirascanTM Ultra-sensitive spectroscopy Jasco J -815 (Applied Photo physics, Surrey, UK) with a Peltier temperature controller and single cuvette holder. Conformational changes in the secondary structure of protein were monitored in the far-UV region between 190 to 260 nm with a protein concentration of 0.5 mg/mL (300 μL) in a quartz cuvette with a path length of 1 mm. The solution conditions were 20 mM sodium phosphate buffer, pH 7.4. All measurements were carried out at 25 ± 0.1 °C. Three accumulations of successive scans were taken (within 600 HT voltage range) and averaged to get the complete spectra. The raw data at a given wavelength, λ (nm) were converted into concentration-independent parameter [θ]λ (deg cm is the mean residue weight of the protein, l is the path length of the cell in centimeters, and c is the protein concentration in mg ml−1). Baseline was corrected and smoothed (within permissible limits) by using the inbuilt CDNN software (Applied Photo physics, Surrey, UK) of the unit [16,17,18].





2.4. Analysis of Phospholipids in Lecithin Using 31P NMR


31P NMR comprising solid and liquid state are selective analytical procedure for the detection and quantification of phosphorus in samples. It uses different chemical settings to differentiate various types of phospholipids. The samples were prepared by adding 3 g of Lecithin (from Soy bean) in 25 mL Erlenmeyer flask, phosphate buffer (100 mM pH 7.0) and enzyme. The reaction was carried out at 35 °C at 200 rpm. The samples were withdrawn at hour intervals of (24, 48, 72). The residual material was dried in vacuum and dissolved in 0.6 mL CDCl3/MeOH (2:1 v/v). The solvent also contains 20 mg of Triphenyl phosphate (TPP) as Internal Standard (IS) referencing (δ -17.8 ppm). The experiment was performed on a Bruker Avance III spectrometer (Karlsruhe, Germany). The data were processed by MestReNova software. The measurement took 7 min with automatic temperature adjustment. The analysis consists of phase correlation, baseline correction, and integration [19,20,21,22,23,24].




2.5. Protein Sequence and Structure Analysis


The TmPLB1 sequence was taken from Uniprot B6QH65_TALMQ. The sequencing were performed with PSI-BLAST [25] and HMMER [26]. Homology modelling was done to predict three dimensional structure of TmPLB1 using (PDB ID: 1FJ2) as the template [27,28,29]. The structure alignment were attained with fold recognition and applied to develop 3D model by Modeler 9.10 [27,30]. The reliable model was preferred on the basis of TM-score and DOPE profile. The selected model was improved with SCWRL 4.0 [31] and energy-minimized with GROMOS 43B1 force field executed in Deep View [32]. Lastly, the energy-minimized 3D model was assessed using VERIFY_3D [33] and ProSA [34]. The important catalytic residues and the phosphosites were predicted by KinasePhos server.




2.6. Molecular Dynamics Simulation


Molecular Dynamics Simulation were done on TmPLB1 at 30 °C, 35 °C, and 40 °C to examine its dynamics at the atomic level. First, 3D model of TmPLB1 were solvated in a cubic box of H2O molecules with a least distance of 1.0 nm among the TmPLB1 and the ends of box. The Simple Point Charge (SPC) model [35] were used. The system was neutralized with the addition of Na+ and Cl− ions. In total, 67 Na+ and 59 Cl− ions to a concentration of 0.15M of aqueous solution. The system was minimized through 1500 steps of steepest descent to increase the system temperature from 0 K to 303.15 K (30 °C), 308.15 K (35 °C), and 313.15 K (40 °C) through the equilibration period (100 ps) at a persistent capacity below periodic boundary setting. Equilibration were done in two steps: NVT ensemble (constant number of particles, volume, and temperature for 100 ps) and NPT ensemble (constant number of particles, pressure, and temperature for 100 ps).



In order to ensure molecular basis of TmPLB1 thermostability, molecular dynamics simulations were carried after equilibration phase for 100 ns at 30 °C, 35 °C, and 40 °C, respectively. GROMACS 5.1.2 with the all-atom OPLS/L force field were used to perform energy minimizations and MD simulations [36]. Using particle-mesh Ewald method to carry out electrostatic interactions with a space of 10 Å and van der Waals interactions truncated at 10 Å [37]. Using the velocity-rescaling thermostat to adjust temperature with 0.1 ps and pressure with Parrinello–Rahman barostat having time 2 ps [38,39].The neighbor list was upgraded at every 10 steps with a time integration of 2 fs. The bonds were controlled by LINCS [40] algorithm for the protein and the SETTLE [41] algorithm for H2O molecules. The subsequent courses were analyzed by GROMACS and 3D model were prepared using PyMOL [42].





3. Results and Discussion


The putative TmPlb1 gene sequence was collected from the genomic data of Talaromyces marneffei strain GD-0079 which is a dimorphic fungi. The gene consists of 732 bp ORF and encoded by 243 amino acids. The putative TmPLB1 shared higher similarity with other phospholipases enzyme carrying species such as Talaromyces stipitatus (91%), Rasamsonia emersonii (73%), Aspergillus flavus (67%), Aspergillus fumigatus (66%), Saccharomyces cerevisiae (40%), and with rats and humans (39%) (human acyl protein thioesterase 1 that have phospholipase and deacylation activity). In addition, secondary structure of TmPLB1 showed homogeneously distributed in helix and strand. However, due to lack of 3D structure of TmPLB1, we further performed structural analysis. Human acyl protein thioesterase 1(PDB: 1FJ2) was selected as suitable template with a 39.2% sequence identity. The template protein has a phospholipase and deacylation activity [42].



3.1. Recombinant TmPLB1 Expression and p Simple Point Charge (SPCPurification)


To evaluate whether this putative TmPLB1 has phospholipase activity, gene was artificially synthesized and expressed as His-tag fusion protein in E. coli Shuffle T7 expression system. He et al. 2016 performed expression and characterization of Talaromyces marneffei active phospholipase B using Pichia pastoris GS115 expression system. Using Ni-affinity chromatography, the protein concentration of active TmPLB1 was 240.4 mg L−1 of the culture medium [43]. It usually takes 5–7 days for expression of recombinant protein in Pichia pastoris expression system. The recombinant TmPLB1 showed maximum expression and was present in soluble fraction of cell lysates (Figure S1). Purified recombinant TmPLB1 had a predicted molecular weight of 35 KDa. The purification summary was mentioned in Table S1. Purified protein by Ni+ affinity chromatography produced 4.96 mg of protein with a total enzyme activity of 240 U that was enough for biochemical characterization and analysis of phospholipids in Lecithin (soybean) using enzymatic hydrolysis by 31P NMR for application evaluation.




3.2. Biochemical Characterization


3.2.1. Optimum Temperature


Purified TmPLB1 was assessed at different temperatures ranges from 20–55 °C. The phospholipase activity were measured using emulsified Lecithin (Soybean). As shown in Figure 1A, TmPLB1 showed optimum temperature at 35 °C. The thermostability of TmPLB1 (Figure 1B) were investigated by incubation at (30 °C, 35 °C and 40 °C) for 2 h. Time interval was 30 min to measure the residual activity and initial activity was taken as 100%. The enzyme was stable at 30 °C. The enzyme had 50% activity when incubated at 35 °C for 2 h. The optimum temperature of the putative phospholipase B indicating that it is a thermolabile enzyme.




3.2.2. Optimum pH


TmPLB1 showed optimum pH at 7.0 (Figure 2A) and has high activity at this neutral pH. It retained about 25–30% specific activity at pH 8.0 and 9.0. In order to investigate pH stability, (Figure 2B) the enzyme was incubated for 12 h with a pH ranges 5.0–9.0 at 4 °C. TmPLB1 had more than 90% of the enzyme activity at pH 6.0. The enzyme activity declined quickly at pH 9.0 with only 60% of relative activity, respectively.




3.2.3. Effect of Chemicals on the Activity and Stability of TmPLB1


Metal ions (Figure 3A) (CsCl, KCl, MnCl2, FeCl3, NiCl2, NaCl, CaCl2, ZnCl2, Al2 (SO4)3, CuSO4) effects TmPLB1 activity and stability with 1mM concentration. The TmPLB1 showed high stability in Cs+, K+, ions with 80% activity while Mn+2, Fe+3 Na+ show weak inhibitory effect as shown in Figure 3A. Ca+2 and Zn+2 exhibited strong inhibitory effects, with the relative TmPLB1 activity falling below 40%. Metal ions are also proved to change the structure conformation of enzyme. This property is not reliable for substrate binding of enzyme. Doi and Nojima reported that lysophospholipase (Phospholipase B) activity was inhibited by 10 mM Fe+3, and Al+3. He also reported that Ca+2 also affects the phospholipase B activity and stability [4,44]. Divalent metal ions affects phospholipids by forming complexes and affects the hydration of phosphate group [4,45,46,47] (p > 0.05).



The activity of TmPLB1 was analyzed in the presence of 10% (v/v) concentration of organic solvents. As shown in Figure 3C, TmPLB1 maintained activity above 60% when treated with methanol, 1-propanol, and 2-propanol. In contrast, TmPLB1 was most susceptible to acetone with a drastic decrease in activity to around 20% (p > 0.05). Log Po/w values are determined to check the hydrophobicity and hydrophilicity of the solvents for TmPLB1. It is reported that higher Log Po/w may causes prevention of binding of enzyme and substrate. Hydrophilic solvents with low log Po/w values deactivates enzymes at unchanging level [48]. A unique phospholipase B from Thermotoga lettingae (TLPLB) showed significant organic solvent tolerance. This phospholipase B had more stability in non-polar solvent than in polar solvents. It attained 91%–161% its phospholipase B activity when incubated in hydrophobic organic solvents, instead its activity declined sharply in hydrophilic solvents from 10%–38% [1].



In this study we used anionic and non-ionic detergents. SDS an anionic detergent seriously affected the activity of TmPLB1. In contrast, non-ionic detergents (Tween 80 and Tween 20) do not change the activity of enzyme [49] as shown in Figure 3B. In the present study TmPLB1 maintained 20% and 10% relative activity with 1% and 5% (w/v) detergent concentration. The enzyme was completely inhibited with 5% sodium dodecyl sulphate (SDS) (p > 0.05). Detergents modify phospholipids at oil water interfaces and stops the access of substrate at catalytic site of enzyme. Activity of the enzyme by detergents can be inferred by the hydrophilic/lipophilic balance (HLB) at which a detergent is distributed amongst polar and non-polar phases. Lower amount of detergent causes the release of enzyme from the cells while higher deactivates it [48].




3.2.4. Circular Dichroism Spectral Analysis


Circular Dichroism were performed for structural conformation and functional responses of a protein. Tyukhtenko et al., 2018 showed that CD spectra is indicative of the secondary structure prediction and no conformational change or folding may occurs which might be possible due to nonconservative substitutions at certain at certain length of spectra. Anwer et al., 2016 reported that secondary structural changes of a protein can be assessed from CD spectra and the protein follow two state folding mechanism. A lack of fixed tertiary interactions could results in a conformational shift towards ensemble of fluctuating structures [16,17,18]. The CD was performed in the far-UV region (190–260 nm) to predict the secondary structure and stability of TmPLB1. The CD spectra is a characteristic of protein structure containing β-sheet and α-helices, at 209 and 222 nm (Figure S2 and Table 1). The spectra clearly showed that TmPLB1 have distinct secondary structure. From the results of Circular Dichroism and Molecular dynamic simulations, α- helix and β -turn were quite similar.





3.3. Identification of Standard Phospholipids by 31P NMR


Advanced analytical techniques are employed nowadays for the identification and quantification of compounds in complex mixtures. They cover several applications from metabolomics to identification of impurities. A number of these experiments showed the use of 31P NMR for identification and quantification of phospholipids in complex mixtures. 31P NMR separates phosphate buffers and phospholipids based on the chemical shifts from each other. So to differentiate peaks with chemical shifts (ppm) it is relatively important that resolution must be higher and the peaks narrow [20]. Lecithin (Soybean) is a natural emulsifier and a key component in food, cosmetic products and drug industry. It mainly consists of different phospholipids (PL) like phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol, phosphatidylserine, phosphotidylglycerol, and phosphatidic acid along with lyso-phospholipids like PC, PE, PI, PS, PG, and PA with other monoacylglycerols and vitamins too [21,22].



In this study, Lecithin (Soybean) were used to confirm the hydrolytic activity of TmPLB1 at three different time intervals by 31P NMR (Figure 4). 31P NMR spectra in these results showed phosphatidylcholine, lysophosphatidylcholine, phosphatidic acid, and phosphatidylinositol with other minor phospholipids (Figure S3). During the enzymatic hydrolysis, the acyl residue migration occurs from the sn-1 to sn-2. The different classes of phospholipids were quantified on the basis of peak integration as shown in Table 2. Our results are consistent with the previous results obtained by vegetable lecithin using 31P NMR spectroscopy [21]. Yang et al. demonstrated that the lyso-phospholipids obtained from phospholipase enzyme can have higher emulsification action. They did continuous enzymatic hydrolysis reaction using phospholipase at multiple time intervals and investigated phospholipid composition in commercial lecithin to obtain multiple classes of phospholipids by 31P NMR analysis. They also explained the actions of phospholipases on phospholipids during hydrolysis reaction, as how acyl residue migration takes place at different cleavage sites i.e., sn-2 and sn-1 [19]. Our present work is consistent with their work for particular characterization of phospholipids using Lecithin (Soybean) by enzymatic hydrolysis at different time intervals. By using this procedure, routine analysis for identification and classification of phospholipid (lyso-PLs) can be done without using standards for every class of phospholipids.



Several researchers found that hydrolysis of lyso- forms of phospholipids have many practical applications. But the complex mixture of Lecithins hydrolysis made it difficult for qualitative and quantitative analysis of phospholipids. A consistent procedure is required for the characterization of phospholipids in complex mixtures. 31P NMR proved to be an advanced analytical technique for the analysis of different classes of phospholipids in different industries [21,22].




3.4. Protein Sequence, Structure Analysis and Identification of Catalytic Triad


The template was identified by HHpred and PSI-Blast for homology modelling of TmPLB1. Target and template protein sequence contained several conserved functional residues. Based on TM-score and DOPE sketch, ten models were assessed and categorized. The side chain of model were refined by SCWRL4 package and further energy minimization were done to stop non-useful interactions using Deep View and GROMACS 5.1.2 [35]. The energy minimized model was more improved by means of Verify_3D, where a positive averaged 3D-1D score value > 0.2 specifies right folding and was a more reliable model with 80.66% of the residues. PDB sum was done to create topology of TmPLB1 structure for understanding structural features of the enzyme [50]. The predicted model contained 2 β-sheets that includes 7 mixed and 2 antiparallel β-strands, 7 α-helices, 3 β–α–β motifs, 1 β-bulge, 2 helix–helix interactions, 28 β-turns, and 4 gamma turn. The Ramachandran plot of the TmPLB1 suggested that 167 amino acid residues (85.2%) are in most favored region, 22 amino acid residues (11.2%) are in additional allowed regions, 6 amino acid residues (3.1%) are in a generously allowed region, and 1 amino acid residue (0.5%) is in a disallowed region.



3D structure of the TmPLB1 confirmed the presence of a catalytic triad at a catalytic site with serine acting as a nucleophile, aspartic acid, and a conserved histidine residue. Structure alignments of TmPLB1 with its template indicated that its active site pockets were similar, with Ser125, Asp183 and His215 as the catalytic triad (Figure 5A). OG of Ser125 and NE2 of His215, as well as OD2 of Asp183 and ND1 of His215, were in proper distances to favor proton transfer (Figure 5B). Hydrogen bonds along the residues near active site were generated by Ser125, Asp183 and His215 which stabilized catalytic triad of TmPLB1 (Figure 5C–E). In addition, the imidazole side chain of His215 might be also involved in hydrophobic interaction with some residues (Figure 5E). Structure analysis showed that Asp183 with Ser125 and His215 established the catalytic triad of TmPLB1.



Identification of Phosphosites


Phosphosites are the sites present on protein associated with phosphorylation. Phospholipase B generates free fatty acids and lysophospholipids or glycerol-3-phosphodiesters by cleaving sn-1 and sn-2 position. Several studies described the importance of phosphosites in different classes of phospholipases. Protein phosphorylation is a quick changeable switch of protein function. It adds negative charge to amino acid side chains. The negative charged amino acids (Asp/Glu) may lessen the phosphorylated form of protein [51]. Phosphorylation of serine is crucial for initiation of cytosolic phospholipase A2 in vivo because overexpression in some cells fails to increase agonist-induced arachidonic acid release [52]. Protein phosphorylation is crucial in prokaryotes, in which kinases catalyze the phosphorylation of histidine residues [53]. Most eukaryotic proteins have more than one Phosphosites contains serine (89%), threonine (10%), and tyrosine (<1%) residues [51]. Phosphorylated proteins in a cell are essential for predicting link among enzymes and substrates. The template Human Acyl protein thioesterase have several reported phosphosites such as Lys92, Lys100, Lys185, Ser204, Ser205, and Lys219. In the predicted model of TmPLB1, residues Asn103, Asp111, Lys199, Ser216, Ala217, and Lys231 are present adjacent to phosphosites of template (Figure 5F) [51,52,53,54]. Phosphosite at Lys92 in template are replaced with Asn103 in the TmPLB1. The rest of the phosphosites are have similar amino acids in both the template and TmPLB1. Most of these Phosphosites are present on the surface of TmPLB1. Additionally, KinasePhos server predicted several other phosphorylation sites on TmPLB1 such as Thr18, Ser43, Tyr101, Ser125, Tyr181, and Tyr228 using sequence based Profile Hidden Markov Model [55].





3.5. Structural Deviations, Hydrogen Bonding, and SASA Analysis


The temperature influence has a strong effect on the conformational change of enzyme [56,57]. A fundamental property to check the protein stability matching experimental structure is confirmed by root mean square deviation (RMSD) [58]. The RMSD plot of TmPLB1 showed to have random fluctuations at 30 °C and 35 °C. These fluctuations might arise due to flexibility of TmPLB1 structure and it is responsible for its biological functions (Figure 6A). The vibrations and equilibrium of the protein are not random and depends on the flexibility of structure. The root mean square fluctuation (RMSF) of the TmPLB1 at 30 °C, 35 °C, and 40 °C were plotted to check residue number in order to calculate average fluctuation of residues during simulation (Figure 6B). Further radius of gyration (Rg) assessment was done to understand stability of protein in biological system. Least tight packing of protein is supposed to have higher radius of gyration. Rg plot supposed that the TmPLB1 has tight packing at 40 °C. It may be responsible for loss of function at this temperature (Figure 6C). The overall results suggested that the flexibility of TmPLB1 structure is more at 30 °C and 35 °C.



Hydrogen bonding between main chain and side chain provides important information regarding protein stability. The hydrogen bonds among key chain and side chain of TmPLB1 were solved in solvent environment through the 100 ns Molecular dynamics simulations. Average hydrogen bonds were 16 ± 2.5, 17 ± 2.3, and 15 ± 2.5 at 30 °C, 35 °C, and 40 °C, respectively (Figure 7D). The hydrogen bond plots suggested that these temperatures have no effects on unfolding and folding of TmPLB1. The solvent accessible area (SASA) interconnects solvent molecules in surface area of protein [59]. The average SASA values for TmPLB1 were found to be 134 ± 1.3 nm2, 134 ± 1.2 nm2, and 132 ± 1.2 nm2 at 30 °C, 35 °C, and 40 °C, respectively. The normal Solvent Accessible Surface Area (SASA) for TmPLB1 were found to be lower at 40 °C. It can be assumed that internal or active residues in the TmPLB1 are not visible to solvent at 40 °C (Figure 7).




3.6. Secondary Structure Analysis


The structural contents of a protein can be seen at multiple temperature to ensure changes at different temperature. The protein secondary structure contains α-helix, β-sheet broken into single residues at every phase. The residues involved in predicted structure makeup of TmPLB1 at altered temperature were calculated (Figure 8, Table 3). The average percentage residues joined through the 100 ns MD simulations were 48%, 49%, and 44% at 30 °C, 35 °C, and 40 °C, respectively. Less percentage residues were participated at 40 °C suggested that the unfolding of TmPLB1 might takes place at this temperature. While the TmPLB1 showed stable conformations at 30 °C and 35 °C. As the temperature increases from 35 °C to 40 °C, the denaturation of TmPLB1 takes place due to decrease in α-helix and increase in bends. The stability of TmPLB1 at 30 °C and 35 °C are due to higher number of residues joined in formation of α-helix and β-sheets.




3.7. PCA and Gibbs Free Energy Landscape


Motion of the protein during the course of simulation is shown by principal component analysis (PCA) [60]. Considering the backbone as reference the dynamics of TmPLB1 was calculated using gmx covar function integrated in GROMACS. Average proteins motion were obtained as PCs (PC1, PC2, and PC3) [61]. Addition of eigenvalues is a total motility in the system to link the flexibility of a protein below dissimilar environments. Eigenvalues and eigenvectors for TmPLB1 at 30 °C, 35 °C, and 40 °C were 323.02 nm2, 326.21 nm2, and 171.25 nm2 were calculated. Eigenvalues for TmPLB1 at 40 °C was found to be very low as compared to other temperatures. This might be the possibility of low activity of TmPLB1 at 40 °C. Further, the projections of trajectories on eigenvectors displayed differences in the position of atoms at different temperatures during the MD simulations (Figure 9A,B).



First two PCs were then used as input to calculate the Gibbs free energy landscape. The color free energy landscape inspect direction of fluctuation for all Cα atoms of the TmPLB1 from 100 ns trajectory at 30 °C, 35 °C, and 40 °C, respectively. The parallel free energy contour map having deep blue color representing lower energy. It has been showed that the key energy in universal free energy lowest region were different. These free energies well indicate stable conformational states of molecule. The TmPLB1 has deeper blue energy global minima at 30 °C (Figure 9C). It indicates a stable conformation of TmPLB1 during 100 ns MD simulations.





4. Conclusions


In this study, a putative phospholipase B from Talaromyces marneffei GD-0079 (TmPLB1) was biochemically characterized. The detailed structure analysis by computational approaches have been performed in order to study its conformational profile. TmPLB1 is a thermolabile enzyme with optimum activity at 35 °C and pH 7.0. The hydrolysis of TmPLB1 using Lecithin by 31P NMR showed PC and lyso-PL as the major phospholipids. This work showed that the low temperature phospholipase B can be employed in food industry to determine phosphorus components in food. The phospholipids can also be modified from one form to another. This key factor can be employed in food industry for characterization of phospholipids.
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Author Contributions


R.D.: Concepts and methodology, F.I.K.: Computational work, review, and editing, S.A.: Concepts and methodology, B.Y. and Y.W.: Review and editing. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by International Collaboration Base for Molecular Enzymology and Enzyme Engineering (2017A050503001), Key-Area Research and development program of Guangdong province (2019B020209001) and Guangdong MEPP Fund (NO.GDOE [2019] A20).




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations


(FFAs) Free Fatty acids, (NMR) Nuclear magnetic resonance, (TmPLB1) Talaromyces marneffei phospholipase B1, (lyso-PLs) Lysophospholipids, IPTG (Isopropyl β-D-1-thiogalactopyranoside), (TPP) Triphenyl phosphate, (MD simulation) Molecular dynamics simulation, PC (phosphatidylcholine), (RMSD) Root mean square deviation, (RMSF) Root mean square fluctuation, (SASA) Solvent accessible area, (PCA) Principal component analysis.




References


	



Borrelli, G.M.; Trono, D. Recombinant Lipases and Phospholipases and Their Use as Biocatalysts for Industrial Applications. Int. J. Mol. Sci. 2015, 16, 20774–20840. [Google Scholar] [CrossRef] [PubMed]

	



Ulbrich-Hofmann, R. Methods in Molecular Biology, Volume 861: Lipases and Phospholipases: Methods and Protocols. Edited by Georgina Sandoval. ChemBioChem 2012, 13, 2148–2149. [Google Scholar] [CrossRef]

	



Pryor, W. Biochemistry of Lipids, Lipoproteins and Membranes. New Comprehensive Biochemistry. Free Radic. Biol. Med. 1995, 18, 629. [Google Scholar] [CrossRef]

	



Matsumoto, Y.; Mineta, S.; Murayama, K.; Sugimori, D. A novel phospholipase B from Streptomyces sp. NA684—Purification, characterization, gene cloning, extracellular production and prediction of the catalytic residues. FEBS J. 2013, 280, 3780–3796. [Google Scholar] [CrossRef] [PubMed]

	



Morgan, C.P.; Insall, R.; Haynes, L.; Cockcroft, S. Identification of phospholipase B from Dictyostelium discoideum reveals a new lipase family present in mammals, flies and nematodes, but not yeast. Biochem. J. 2004, 382, 441–449. [Google Scholar] [CrossRef] [PubMed]

	



Michel, N.; Lauriane, G.; Brigitte, C.; Christine, P.; Françoise, H.-M.; Bertrand, P.; Hugues, C.; Ama, G.-D. Guinea Pig Phospholipase B, Identification of the Catalytic Serine and the Proregion Involved in Its Processing and Enzymatic Activity. J. Biol. Chem. 2002, 277, 44093–44099. [Google Scholar]

	



Shuji, F.; Daigo, A.; Satoko, A.; Tomonari, F.; Yasuo, W.; Youichi, T. Purification and Characterization of Phospholipase B from Candida utilis. Biosci. Biotechnol. Biochem. 2006, 70, 377–386. [Google Scholar]

	



Ramrakhiani, L.; Chand, S. Recent Progress on Phospholipases: Different Sources, Assay Methods, Industrial Potential and Pathogenicity. Appl. Biochem. Biotechnol. 2011, 164, 991–1022. [Google Scholar] [CrossRef]

	



Sandoval, G. Lipases and Phospholipases: Methods and Protocols; Humana Press: New York, NY, USA, 2012. [Google Scholar]

	



Liu, Y.; Li, M.; Huang, L.; Gui, S.; Jia, L.; Zheng, D.; Fu, Y.; Zhang, Y.; Rui, J.; Lu, F. Cloning, expression and characterisation of phospholipase B from Saccharomyces cerevisiae and its application in the synthesis of l-alpha-glycerylphosphorylcholine and peanut oil degumming. Biotechnol. Biotechnol. Equip. 2018, 32, 968–973. [Google Scholar] [CrossRef]

	



Su, L.; Ji, D.; Tao, X.; Yu, L.; Wu, J.; Xia, Y. Recombinant expression, characterization, and application of a phospholipase B from Fusarium oxysporum. J. Biotechnol. 2016, 242, 92–100. [Google Scholar] [CrossRef]

	



Shen, D.-K.; Noodeh, A.D.; Kazemi, A.; Grillot, R.; Robson, G.; Brugère, J.-F. Characterisation and expression of phospholipase B from the opportunistic fungus Aspergillus fumigatus. FEMS Microbiol. Lett. 2004, 239, 87–93. [Google Scholar] [CrossRef] [PubMed]

	



Wang, F.; Zhang, H.; Zhao, Z.; Wei, R.; Yang, B.; Wang, Y. Recombinant Lipase from Gibberella zeae Exhibits Broad Substrate Specificity: A Comparative Study on Emulsified and Monomolecular Substrate. Int. J. Mol. Sci. 2017, 18, 1535. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Wang, J.-H.; Yang, B.; Mainda, G.; Guo, Y. Degumming of Vegetable Oil by a New Microbial Lipase. Food Technol. Biotechnol. 2006, 44, 101–104. [Google Scholar]

	



Tang, W.; Lan, D.; Zhao, Z.; Li, S.; Li, X.; Wang, Y. A Thermostable Monoacylglycerol Lipase from Marine Geobacillus sp. 12AMOR1: Biochemical Characterization and Mutagenesis Study. Int. J. Mol. Sci. 2019, 20, 780. [Google Scholar] [CrossRef] [PubMed]

	



Tyukhtenko, S.; Rajarshi, G.; Karageorgos, I. Effects of Distal Mutations on the Structure, Dynamics and Catalysis of Human Monoacylglycerol Lipase. Sci. Rep. 2018, 8, 1–17. [Google Scholar] [CrossRef] [PubMed]

	



Anwer, K.; Rahman, S.; Sonani, R.R.; Khan, F.I.; Islam, A.; Madamwar, D.; Ahmad, F.; Hassan, M.I. Probing pH sensitivity of C-phycoerythrin and its natural truncant: A comparative study. Int. J. Biol. Macromol. 2016, 86, 18–27. [Google Scholar] [CrossRef]

	



Das, S.; Islam, M.M.; Jana, G.C.; Patra, A.; Jha, P.K.; Hossain, M. Molecular binding of toxic phenothiazinium derivatives, azures to bovine serum albumin: A comparative spectroscopic, calorimetric, and in silico study. J. Mol. Recognit. 2017, 30, e2609. [Google Scholar] [CrossRef]

	



Yang, Y.; Hiserodt, R.; Li, J. Rapid Identification and Relative Quantification of the Phospholipid Composition in Commercial Lecithins by 31P NMR. J. Am. Oil Chem. Soc. 2017, 94, 1–8. [Google Scholar] [CrossRef]

	



Brinkmann-Trettenes, U.; Stein, P.C.; Klösgen, B.; Bauer-Brandl, A. A method for simultaneous quantification of phospholipid species by routine P-31 NMR. J. Pharm. Biomed. Anal. 2012, 70, 708–712. [Google Scholar] [CrossRef]

	



Monakhova, Y.; Diehl, B. Automated multicomponent phospholipid analysis using 31P NMR spectroscopy: Example of vegetable lecithin and krill oil. Anal. Bioanal. Chem. 2018, 410, 7891–7900. [Google Scholar] [CrossRef]

	



Zailer, E.; Monakhova, Y.; Diehl, B. 31 P NMR Method for Phospholipid Analysis in Krill Oil: Proficiency Testing-A Step toward Becoming an Official Method. J. Am. Oil Chem. Soc. 2018, 95, 1467–1474. [Google Scholar] [CrossRef]

	



Balsgart, N.M.; Mulbjerg, M.; Guo, Z.; Bertelsen, K.; Vosegaard, T. High Throughput Identification and Quantification of Phospholipids in Complex Mixtures. Anal. Chem. 2016, 88, 2170–2176. [Google Scholar] [CrossRef] [PubMed]

	



Yao, L.; Jung, S. 31P NMR Phospholipid Profiling of Soybean Emulsion Recovered from Aqueous Extraction. J. Agric. Food Chem. 2010, 58, 4866–4872. [Google Scholar] [CrossRef] [PubMed]

	



Altschul, S.F.; Madden, T.L.; Schäffer, A.A.; Zhang, J.; Zhang, Z.; Miller, W.; Lipman, D.J. Gapped BLAST and PSI-BLAST: A new generation of protein database search programs. Nucleic Acids Res. 1997, 25, 3389–3402. [Google Scholar] [CrossRef]

	



Finn, R.D.; Clements, J.; Arndt, W.; Miller, B.L.; Wheeler, T.J.; Schreiber, F.; Bateman, A.; Eddy, S.R. HMMER web server: 2015 update. Nucleic Acids Res. 2015, 43, W30–W38. [Google Scholar] [CrossRef]

	



Rodriguez, R.; Chinea, G.; Lopez, N.; Pons, T.; Vriend, G. Homology modeling, model and software evaluation: Three related resources. Bioinformatics 1998, 14, 523–528. [Google Scholar] [CrossRef]

	



Khan, F.I.; Nizami, B.; Anwer, R.; Gu, K.-R.; Bisetty, K.; Imtaiyaz Hassan, M.; Wei, D.-Q. Structure prediction and functional analyses of a thermostable lipase obtained from Shewanella putrefaciens. J. Biomol. Struct. Dyn. 2017, 35, 2123–2135. [Google Scholar] [CrossRef]

	



Khan, F.I.; Wei, D.-Q.; Gu, K.-R.; Imtaiyaz Hassan, M.; Tabrez, S. Current updates on computer aided protein modeling and designing. Int. J. Biol. Macromol. 2016, 85, 48–62. [Google Scholar] [CrossRef]

	



Eswar, N.; Eramian, D.; Webb, B.; Shen, M.Y.; Sali, A. Protein structure modeling with MODELLER. Methods Mol. Biol. 2008, 426, 145–159. [Google Scholar]

	



Wang, Q.; Canutescu, A.A.; Dunbrack, R.L., Jr. SCWRL and MolIDE: Computer programs for side-chain conformation prediction and homology modeling. Nat. Protoc. 2008, 3, 1832–1847. [Google Scholar] [CrossRef]

	



Kaplan, W.; Littlejohn, T.G. Swiss-PDB Viewer (Deep View). Brief Bioinform. 2001, 2, 195–197. [Google Scholar] [CrossRef] [PubMed]

	



Eisenberg, D.; Luthy, R.; Bowie, J.U. VERIFY3D: Assessment of protein models with three-dimensional profiles. Methods Enzym. 1997, 277, 396–404. [Google Scholar]

	



Wiederstein, M.; Sippl, M.J. ProSA-web: Interactive web service for the recognition of errors in three-dimensional structures of proteins. Nucleic Acids Res 2007, 35, W407–W410. [Google Scholar] [CrossRef] [PubMed]

	



Gopal, S.M.; Kuhn, A.B.; Schäfer, L.V. Systematic evaluation of bundled SPC water for biomolecular simulations. Phys. Chem. Chem. Phys. 2015, 17, 8393–8406. [Google Scholar] [CrossRef] [PubMed]

	



Van Der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A.E.; Berendsen, H.J.C. GROMACS: Fast, flexible, and free. J. Comput. Chem. 2005, 26, 1701–1718. [Google Scholar] [CrossRef] [PubMed]

	



Norberto de Souza, O.; Ornstein, R.L. Molecular dynamics simulations of a protein-protein dimer: Particle-mesh Ewald electrostatic model yields far superior results to standard cutoff model. J. Biomol. Struct. Dyn. 1999, 16, 1205–1218. [Google Scholar] [CrossRef] [PubMed]

	



Bussi, G.; Zykova-Timan, T.; Parrinello, M. Isothermal-isobaric molecular dynamics using stochastic velocity rescaling. J. Chem. Phys. 2009, 130, 074101. [Google Scholar] [CrossRef]

	



Parrinello, M.; Rahman, A. Polymorphic transitions in single crystals: A new molecular dynamics method. J. Appl. Phys. 1981, 52, 7182–7190. [Google Scholar] [CrossRef]

	



Hess, B.; Bekker, H.; Berendsen, H.J.C.; Fraaije, J.G.E.M. LINCS: A linear constraint solver for molecular simulations. J. Comput. Chem. 1997, 18, 1463–1472. [Google Scholar] [CrossRef]

	



Miyamoto, S.; Kollman, P.A. Settle: An analytical version of the SHAKE and RATTLE algorithm for rigid water models. J. Comput. Chem. 1992, 13, 952–962. [Google Scholar] [CrossRef]

	



The PyMOL Molecular Graphics System. 2002. Available online: https://pymol.org/2/ (accessed on 30 January 2020).

	



He, Y.; Li, L.; Hu, F.; Chen, W.; Lei, H.; Chen, X.; Cai, W.; Tang, X. Expression and characterization of a Talaromyces marneffei active phospholipase B expressed in a Pichia pastoris expression system. Emerg. Microbes Infect. 2016, 5, 1–6. [Google Scholar]

	



Doi, O.; Nojima, S. Lysophospholipase of Escherichia coli. J. Biol. Chem. 1975, 250, 5208–5214. [Google Scholar] [PubMed]

	



Altenbach, C.; Seelig, J. Calcium binding to phosphatidylcholine bilayers as studied by deuterium magnetic resonance. Evidence for the formation of a calcium complex with two phospholipid molecules. Biochemistry 1984, 23, 3913–3920. [Google Scholar] [CrossRef] [PubMed]

	



Binder, H.; Arnold, K.; Ulrich, A.S.; Zschornig, O. Interaction of Zn2+ with phospholipid membranes. Biophys. Chem. 2001, 90, 57–74. [Google Scholar] [CrossRef]

	



Huster, D.; Arnold, K.; Gawrisch, K. Strength of Ca2+ Binding to Retinal Lipid Membranes: Consequences for Lipid Organization. Biophys. J. 2000, 78, 3011–3018. [Google Scholar] [CrossRef]

	



Uttatree, S.; Winayanuwattikun, P.; Charoenpanich, J. Isolation and Characterization of a Novel Thermophilic-Organic Solvent Stable Lipase from Acinetobacter baylyi. Appl. Biochem. Biotechnol. 2010, 162, 1362–1376. [Google Scholar] [CrossRef]

	



Wang, F.; Wu, Z.; Abousalham, A.; Yang, B.; Wang, Y. Deletion the C-terminal peptides of Vibrio harveyi phospholipase D significantly improved its enzymatic properties. Int. J. Biol. Macromol. 2018, 129, 1140–1147. [Google Scholar] [CrossRef]

	



Beer, T.A.P.; Berka, K.; Thornton, J.M.; Laskowski, R.A. PDBsum additions. Nucleic Acids Res. 2013, 42, D292–D296. [Google Scholar] [CrossRef]

	



Samuel, M.P.; Serber, Z.; Ferrell, J.E. A Mechanism for the Evolution of Phosphorylation Sites. Cell 2011, 147, 934–946. [Google Scholar]

	



Leslie, C.C. Properties and Regulation of Cytosolic Phospholipase A2. J. Biol. Chem. 1997, 272, 16709–16712. [Google Scholar] [CrossRef]

	



Laub, M.T.; Goulian, M. Specificity in Two-Component Signal Transduction Pathways. Annu. Rev. Genet. 2007, 41, 121–145. [Google Scholar] [CrossRef] [PubMed]

	



Meisel, P.; Margaret, O. Dayhoff: Atlas of Protein Sequence and Structure 1969 (Volume 4) XXIV u. 361 S., 21 Ausklapptafeln, 68 Abb. und zahlreiche Tabellen. National Biomedical Research Foundation, Silver Spring/Maryland 1969. Preis $ 12,50. Mol. Nutr. Food Res. 2010, 15, 217–218. [Google Scholar] [CrossRef]

	



Huang, H.D.; Lee, T.-Y.; Tzeng, S.W.; Horng, G.-T. KinasePhos: A web tool for identifying protein kinase-specific phosphorylation sites. Nucleic Acids Res. 2005, 33, W226–W229. [Google Scholar] [CrossRef] [PubMed]

	



Gramany, V.; Khan, F.I.; Govender, A.; Bisetty, K.; Singh, S.; Permaul, K. Cloning, expression, and molecular dynamics simulations of a xylosidase obtained from Thermomyces lanuginosus. J. Biomol. Struct. Dyn. 2016, 34, 1681–1692. [Google Scholar] [CrossRef]

	



Khan, F.I.; Shahbaaz, M.; Bisetty, K.; Waheed, A.; Sly, W.S.; Ahmad, F.; Imtaiyaz Hassan, M. Large scale analysis of the mutational landscape in beta-glucuronidase: A major player of mucopolysaccharidosis type VII. Gene 2016, 576, 36–44. [Google Scholar] [CrossRef]

	



Kuzmanic, A.; Zagrovic, B. Determination of ensemble-average pairwise root mean-square deviation from experimental B-factors. Biophys. J. 2010, 98, 861–871. [Google Scholar] [CrossRef]

	



Mazola, Y.; Guirola, O.; Palomares, S. A comparative molecular dynamics study of thermophilic and mesophilic beta-fructosidase enzymes. J. Mol. Model 2015, 21, 2772. [Google Scholar] [CrossRef]

	



Maisuradze, G.G.; Liwo, A.; Scheraga, H.A. Principal component analysis for protein folding dynamics. J. Mol. Biol. 2009, 385, 312–329. [Google Scholar] [CrossRef]

	



David, C.C.; Jacobs, D.J. Principal component analysis: A method for determining the essential dynamics of proteins. Methods Mol. Biol. 2014, 1084, 193–226. [Google Scholar]








[image: Biomolecules 10 00231 g001 550] 





Figure 1. Effect of Temperature and thermostability on phospholipase B activity. (A) Optimum temperature of putative phospholipase B was assessed at temperature from 20–55 °C. (B) The thermostability of putative phospholipase B was carried out at 30–40 °C. The enzyme was more stable at 30 °C. The activity were assessed after every 30 min and the activity at zero is taken as 100 and is the maximum activity. The error bars shows the mean ±SD of the experiments in triplicate (n = 3). 
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Figure 2. Effect of pH and its stability on phospholipase activity of TmPLB1. (A) The optimum pH of the enzyme were investigated from pH 4–9 using the buffers 100 mM citric acid-sodium citrate (pH 4.0 and 5.0), 100 mM phosphate buffer (pH 6.0, 7.0), 100 mM Tris-HCl (pH 8.0), and 100 mM Gly-NaOH (pH 9.0). The enzyme showed activity at pH 7.0. (B) The pH stability was assessed by incubating the enzyme at pH 5–9 in the stated buffers above for 12 h at 4 °C. The enzyme showed maximum pH stability at pH 6.0. The error bars indicates the mean ± SD of the experiment in triplicate (n = 3). 
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Figure 3. Effect of various chemicals on the activity and stability of phospholipase B TmPLB1. (A) Effect of metal ions (1 mM) on enzyme activity. (B) Effect of detergents on enzyme activity (1% and 5%). The TmPLB1 activity were determined using Lecithin (Soybean PC Emulsion). (C) Effect of organic solvents (10%) on enzyme activity. Log P values are the coefficient of solvent among n-octanol and water. It is used quantitatively to measure the polarity of organic solvent. The Log Po/w values are shown in braces. The data presented shows the mean ± SD (n = 3) of the experiments performed triplicate with respect to non-treated control samples. The samples without addition of any chemical was used as control and its activity was taken as 100%. 
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Figure 4. Analysis of the enzymatic hydrolysis of phospholipase B using Lecithin (Soybean) by 31P NMR. The experiment was done in triplicate at three different time intervals. The error bar represents the mean SD± of the experiment (n = 3). 
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Figure 5. Homology model of TmPLB1 and identification of catalytic triads. (A) Homology model of TmPLB1 aligned with a template (PDB: 1FJ2). The proposed catalytic triad residues such as Ser125, Asp183, and His215 were shown in stick representation. (B) The arrangement of catalytic triads. The interactions of (C) Ser125, (D) Asp183, and (E) His215 with other amino acids near the active sites. Putative hydrogen bonds were indicated with green lines, while hydrophobic interactions were indicated with purple lines with distances labeled. (F) Putative phosphorylated sites on the surface of TmPLB1. 
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Figure 6. The structure nonconformities and residual variations of TmPLB1. (A) RMSD (Root mean square deviation) of TmPLB1 respect with time. (B) The backbone residues fluctuations (RMSF) of TmPLB1. (C) Radius of gyration (Rg) calculated the compactness of TmPLB1. (D) H-bonds shown amongst main chain plus side chain of TmPLB1. The black, red and green colors were representing the respective temperatures at 30 °C, 35 °C, and 40 °C, respectively. 
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Figure 7. SASA (Solvent Accessible Surface Area) of TmPLB1. (A) SASA of TmPLB1 were represent in cartoon model (B) 30 °C, (C) 35 °C, and (D) 40 °C, respectively. Black, red, and green colors were depicted the 30 °C, 35 °C, and 40 °C, respectively. 
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Figure 8. Secondary structure plot. Graphical representation indicating the structural elements present in the TmPLB1 during 100 ns MD simulations at (A) 30 °C, (B) 35 °C, and (C) 40 °C, respectively. The structure represents α-helices, β-sheets, β-bridge and turns. The black, red, green, blue, yellow, brown, grey, and violet color represent overall structure, coil, β-sheet, β-bridge, bend, turn, α-helix, and 3-helix, respectively. 
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Figure 9. PCA and Gibbs free energy analysis. (A) Different estimates at different temperatures of eigenvectors. (B) The trajectories on eigenvectors with respect to time. The Gibbs energy plot obtained for TmPLB1 at different temperatures (C) 30 °C, (D) 35 °C, and (E) 40 °C, respectively. 
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Table 1. Estimated data of a predicted secondary structure of TmPLB1 by CDNN software.
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	185–260 nm
	190–260 nm
	195–260 nm
	200–260 nm
	205–260 nm
	210–260 nm





	Helix
	20
	20
	12
	3
	2
	1



	Antiparallel
	2
	1
	8
	15
	16
	22



	Parallel
	14
	15
	17
	22
	25
	20



	β-turn
	10
	10
	13
	13
	15
	18



	Random coil
	54
	54
	50
	47
	42
	39



	Total Sum
	100%
	100%
	100%
	100%
	100%
	100%
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Table 2. Analysis of the enzymatic hydrolysis of phospholipids in Lecithin (Soy bean) by 31P NMR.
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	Phospholipid (PL)
	Yield Content





	Phosphotidylcholine (PC)
	59 ± 1



	sn-2 lysophosphatidylcholine (2-LPC)
	36 ± 1



	sn-1 lysophosphatidylcholine (1-LPC)
	15 ± 0.6



	Phosphatidic acid (PA)
	0.4 ± 0.1



	Phosphatidylinositol (PI)
	0.05 ± 0.01
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Table 3. Percentage of residues participated in average structure formation.
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Secondary Structure (SS%)




	
Temp

	
Structure *

	
coil

	
β-Sheet

	
β-Bridge

	
Bend

	
Turn

	
α-Helix

	
3-Helix






	
30 °C

	
48%

	
31%

	
14%

	
2%

	
17%

	
12%

	
19%

	
4%




	
35 °C

	
49%

	
29%

	
14%

	
2%

	
19%

	
14%

	
20%

	
3%




	
40 °C

	
44%

	
30%

	
13%

	
4%

	
21%

	
10%

	
17%

	
5%








* Structure = α-helix + β-sheet + β-bridge + Turn.
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