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In this study, an acidophilic GH5 β-mannanase (TaMan5) from Trichoderma asperellum ND-1 was efficiently expressed in Pichia pastoris (a 2.0-fold increase, 67.5 ± 1.95 U/mL). TaMan5 displayed the highest specificity toward locust bean gum (Km = 1.34 mg/mL, Vmax = 749.14 μmol/min/mg) at pH 4.0 and 65°C. Furthermore, TaMan5 displayed remarkable tolerance to acidic environments, retaining over 80% of its original activity at pH 3.0–5.0. The activity of TaMan5 was remarkably decreased by Cu2+, Mn2+, and SDS, while Fe2+/Fe3+ improved the enzyme activity. A thin-layer chromatography (TLC) analysis of the action model showed that TaMan5 could rapidly degrade mannan/MOS into mannobiose without mannose via hydrolysis action as well as transglycosylation. Site-directed mutagenesis results suggested that Glu205, Glu313, and Asp357 of TaMan5 are crucial catalytic residues, with Asp152 playing an auxiliary function. Additionally, TaMan5 and commercial α-galactosidase displayed a remarkable synergistic effect on the degradation of galactomannans. This study provided a novel β-mannanase with ideal characteristics and can be considered a potential candidate for the production of bioactive polysaccharide mannobiose.
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1. Introduction

Galactomannans are the main components of hemicellulose and can be transformed into various high-value products (Barak and Mudgil, 2014; Yamabhai et al., 2016; Ponzini et al., 2019; Behera et al., 2022; Sharma et al., 2022). They are composed of repeating mannose residues linked with β-1,4-glycosidic bonds and side chains of α-1,6-linked galactose side groups (Dhawan and Kaur, 2007; Ghosh et al., 2013; Sébastien et al., 2014). Common galactomannans contain locust bean galactomannan (LBG; mannose/galactose 4:1) and guar galactomannan (GG; mannose/galactose 2:1) (Moreira and Filho, 2008; Hlalukana et al., 2021; Kumar Suryawanshi and Kango, 2021). Efficient bioconversion of galactomannan is performed by the action of glycoside hydrolase (GH), particularly endo-β-1,4-mannanase (EC 3.2.1.78), which catalyzes the random cleavage of β-1,4-mannosidic bonds to produce short mannooligosaccharides (MOS) and mannose (Chauhan et al., 2012; Liu et al., 2020; Chen et al., 2021). β-mannanases are categorized into GH families of GH5, 26, 45, 113, and 134 based on the Carbohydrate-Active EnZymes (CAZy) database (http://www.cazy.org). Moreover, GH5 mannanases are gaining worldwide interest for their industrial applications, e.g., food, feed, and biofuel production (Dhawan and Kaur, 2007; Do et al., 2009; Katrolia et al., 2013; Srivastava and Kapoor, 2017; Kaira and Kapoor, 2021).

Owing to the recalcitrance structure of galactomannans, effective and strong β-mannanases with high acidophilic and acid-stable are preferred for efficient degradation of galactomannans to yield prebiotic MOS, with a degree of polymerization (DP) ranging from 2 to 10 units (Gómez et al., 2017; Jana et al., 2018). MOS (particularly mannobiose) can selectively inhibit the growth of the enteropathogen and improve the growth of beneficial microorganisms such as Lactobacillus sp. (Pongsapipatana et al., 2016; Srivastava et al., 2017; Mao et al., 2018). Moreover, MOS also possess some beneficial functions, such as anti-cancer, antioxidant, anti-diabetic, and anti-inflammatory properties as a non-digestible food ingredient (Rungruangsaphakun and Keawsompong, 2018; Jana et al., 2021). Recent developments suggested that prebiotic MOS with a DP of <4 exhibited higher solubility and diffusion and possessed better health-improving effects compared with high DP MOS (>4) (Endo et al., 2016; Jana and Kango, 2020; Kumar Suryawanshi and Kango, 2021). Various methods have been explored for MOS production, including enzymatic hydrolysis, chemical, or the cooperation of these methods (Moreira and Filho, 2008; Li et al., 2018; Jana et al., 2021). The former method is seen as a more promising way for the production of MOS because enzymatic hydrolysis is highly efficient and eco-friendly with less pollution (Arnling Bååth et al., 2018; Hlalukana et al., 2021). In addition, galactomannans decorated by α-1,6-linked D-galactose lead to steric hindrance while connecting with enzymes (Xia et al., 2016), and thus, α-galactosidase coupled with β-mannanase will perform better and yield higher amounts of MOS (Wang et al., 2010; Malgas et al., 2015; Song et al., 2018).

To date, a variety of β-mannanases are widely distributed in different microbial sources, including fungi and bacteria (Jiang et al., 2006; Dhawan and Kaur, 2007; Dawood and Ma, 2020). β-mannanases from fungi, such as species of Trichoderma harzianum (Ferreira and Filho, 2004), Rhizomucor miehei (Katrolia et al., 2013), and T. reesei (Ma et al., 2018) have attracted huge attention due to their excellent characteristics and significant potential for industrial applications. Fungal β-mannanases expression can be performed by submerged fermentation, but they are generally secreted in combination with mannosidase, which is disadvantageous in terms of MOS quality (Katrolia et al., 2012; Srivastava and Kapoor, 2017). P. pastoris is an excellent host for the production of heterologous proteins (Looser et al., 2015). Furthermore, different strategies have been attempted to improve enzymes' production in P. pastoris, including codon optimization (Taylor et al., 2018; Yang and Zhang, 2018). Therefore, it is highly desirable to recommend P. pastoris systems for the cost-effective production of β-mannanases.

T. asperellum ND-1 was a newly isolated biomass degradation fungus, which can efficiently secrete multiple kinds of enzymes, including β-xylosidases and xylanases (Zheng et al., 2020, 2022). Here, a novel GH5 β-mannanase gene (TaMan5) from T. asperellum ND-1 was identified and highly expressed in P. pastoris through codon optimization. Pivotal catalytic residues of the β-mannanase (TaMan5) were confirmed by site-directed mutagenesis, the action model on MOS was analyzed, and the synergistic action of TaMan5 coupled with commercial α-galactosidase was further investigated on the hydrolysis of galactomannans.



2. Materials and methods


2.1. Strains and chemicals

T. asperellum ND-1 (GenBank no: MH496612) was selected from the soil by our group. pPICZαA vector, P. pastoris X-33, and Escherichia coli DH5α (Invitrogen, America) were applied for β-mannanase heterologous expression, respectively. p-Nitrophenyl (pNP)-β-D-galactopyranoside (pNPG), p-nitrophenyl-α-L-arabinofuranoside (pNPAf), p-nitrophenyl-β-D-cellobioside (pNPC), sodium carboxymethyl cellulose (CMC-Na), locust bean gum (LBG), and guar gum (GG) were purchased from Sigma-Aldrich (USA). Restriction enzyme SacI and PNGase F were purchased from New England Biolabs (Ipswich, MA, USA). Mannohexaose (M6), mannopentaose (M5), mannotetraose (M4), mannotriose (M3), mannobiose (M2), and beechwood xylan were purchased from Megazyme (Wicklow, Ireland). 3,5-Dinitrosalicylic acid (DNS), D-mannose, and commercial α-galactosidase (EC 3.2.1.22, Aspergillus niger) were purchased from Shanghai Aladdin Biochemical Technology (Shanghai, China).



2.2. Cloning and sequence analyses

A full-length β-mannanase gene (TaMan5) was identified from the T. asperellum ND-1 genome sequence. The amino acid and nucleotide sequences have been deposited in the GenBank under the accession numbers UNE56028.1 and OM128445.1, respectively. Prediction of signal peptide was performed using SignalP-5.0 software (http://www.cbs.dtu.dk/services/SignalP/). The mature TaMan5 gene (without native signal peptide) was amplified from the cDNA of T. asperellum ND-1 with a PCR Master Mix (Thermo Scientific, USA) and the specific primers, TaMan5-F and TaMan5-R (Supplementary Table S1) using the thermal cycling conditions. The method involves initial denaturation at 95°C for 5 min, followed by 35 cycles of denaturation at 95°C for 30 s, annealing at 56°C for 30 s and extension at 72°C for 90 s, and a final extension at 72°C for 10 min. The PCR product was treated with XbaI and EcoRI and then inserted into the pPICZαA vector. The constructed plasmid was further verified by DNA sequencing analysis and named pPICZα-TaMan5-wt. TaMan5 gene (without native signal peptide) was optimized according to yeast codon preference (http://www.jcat.de/), synthesized, and connected to pPICZαA vector (pPICZα-TaMan5-opt) by Tsingke Corp (Beijing).

The theoretical molecular weight (MW) of the mature TaMan5 was predicted by DNAMAN 6.0 software. A BLAST server was used for homology searches in the GenBank database (http://www.ncbi.nlm.nih.gov/BLAST). Multiple protein sequences were aligned using ESPript 3.0 (https://espript.ibcp.fr/ESPript/ESPript/) and Clustal Omega program (https://www.ebi.ac.uk/Tools/msa/clustalo/).



2.3. Transformation and fermentation in a shake flask

The constructed plasmids (pPICZα-TaMan5-wt and pPICZα-TaMan5-opt) were transformed into E. coli DH5α and extracted from transformed DH5α using a TIANprep MiNi Plasmid Kit (Tiangen, Beijing, China). pPICZαA vector contains an α-factor secretion signal for the secretion of the expressed protein. The expression vectors (pPICZα-TaMan5-wt and pPICZα-TaMan5-opt) containing α-factor signal peptide were linearized using SacI, electroporated into P. pastoris X-33, and integrated into Pichia's genome based on the homologous direct repair. The positive strains were further identified by PCR using the primer pair AOX-F/AOX-R (Supplementary Table S1) and DNA sequencing. The engineered strains were defined as TaMan5-wt and TaMan5-opt, respectively (Figure 1A). P. pastoris X-33 has a strong regulatory alcohol oxidase promoter (AOX1), involved in methanol utilization pathways that generate high levels of heterologous recombinant proteins (Looser et al., 2015; Taylor et al., 2018). The genotype of engineered strains was methanol utilization plus (Mut+).
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FIGURE 1
 High-efficiency expression of TaMan5 in P. pastoris. (A) Schematic representation of recombinant strains TaMan5-wt and TaMan5-opt. (B) Extracellular enzyme activity of recombinant strain TaMan5-opt. (C) SDS-PAGE analysis of proteins expressed by TaMan5-wt and TaMan5-opt. Lane M: standard protein markers; Lane 1: fermentation supernatant of TaMan5-wt in shake flasks; Lane 2: fermentation supernatant of TaMan5-opt in shake flasks.


To obtain β-mannanase TaMan5, recombinants of TaMan5-wt, TaMan5-opt, and X-33 (with an empty pPICZαA vector) were cultivated in BMMY medium with shaking flask cultivation at 28°C, 200 rpm for 5 days. During this process, the percentage content of methanol was maintained at 1.0 by adding 100% (v/v) methanol every 24 h as described previously (Basit et al., 2018). The crude culture was centrifuged (4°C, 5000 rpm) for 10 min to collect the supernatant. The expression level of TaMan5 was detected by 12% SDS-PAGE, and the protein content was analyzed using a Protein Assay Kit based on the Bradford method (Bradford, 1976). All protocols and media for P. pastoris were carried out by following the Pichia expression manual (Invitrogen, San Diego, CA).



2.4. Deglycosylation of recombinant TaMan5

Deglycosylation of TaMan5 was carried out with PNGase F as reported previously (Zheng et al., 2018). In brief, TaMan5 (1 mg) was mixed with denaturation buffer (pH 4.8) followed by boiling for 10 min and then treated with PNGase F (5 U) at 37°C for 2 h. The glycosylated and deglycosylated TaMan5 were detected by 12% SDS-PAGE.



2.5. Activity assay and biochemical characterization of TaMan5

β-Mannanase activity of TaMan5 was measured by the 3,5-dinitrosalicylic acid (DNS) method (Miller, 1959) and tested at 65°C, using LBG as the substrate. The reaction comprised 0.45 mL of sodium acetate buffer (pH 4.0) containing 0.5% (w/v) LBG and 0.05 mL of diluted enzyme. After 10 min of incubation, the reaction was terminated with 0.75 mL of DNS solution and boiled for 5 min. The absorbance of the mixture was tested at 540 nm using D-mannose as the standard. One unit (U) of β-mannanase activity was defined as the quantity of enzyme that liberated 1 μmol of reducing sugars per minute. Each experiment was performed in triplicate.

Effects of pH on TaMan5 activity were evaluated at 50°C in various 50 mM buffers including glycine–HCl buffer (pH 2.0–3.0), sodium citrate buffer (pH 3.0–4.0), sodium acetate buffer (pH 4.0–6.0), and sodium phosphate buffer (pH 6.0–8.0). The activity of TaMan5 at the optimal pH was assumed to be 100%. To estimate pH stability, TaMan5 was pre-incubated at 4°C for 1 h in the corresponding buffers (pH ranging from 2.0 to 8.0) without substrate.

The optimum temperature of TaMan5 was estimated at 20–80°C in 50 mM sodium acetate buffer (pH 4.0). Additionally, thermostability of TaMan5 was evaluated by measuring residual enzyme activity under standard assay conditions following pre-incubation at different times (1, 2, 4, 6, 8, 12, 24, and 48 h) and at 40, 50, 55, 60, 65, and 70°C without substrate. pH and temperature stability were calculated based on the ratio between residual activity and initial activity values. All experiments were conducted in triplicate independently.

The substrate specificity of TaMan5 was measured by evaluating the enzyme activity using various substrates. For polysaccharides such as LBG, GG, CMC-Na, beechwood xylan, and wheat arabinoxylan, TaMan5 activity was determined in 50 mM sodium acetate buffer (pH 4.0) containing 10 mg/mL of different substrates at 65°C by DNS method (Miller, 1959). In addition, TaMan5 activity toward 5 mM pNPAf, pNPC, and pNPG was analyzed in 50 mM sodium acetate buffer (pH 4.0) at 65 °C for 10 min and detected at 410 nm. One activity unit was defined as the amount of enzyme that released 1 μmol pNP per minute.

The kinetic parameters of TaMan5 toward LBG or GG were evaluated by testing the enzyme activities using increasing substrate concentrations ranging from 1 to 10 mg/mL. All experiments included three replicates. Vmax and Km for TaMan5 were acquired using the Lineweaver–Burk plot method (Erithacus Software, Horley, UK).

To investigate the effects of various chemical reagents and metal ions on TaMan5 activity, 1 mM, 5 mM, and 10 mM metal ions (Ni2+, Mg2+, Cd2+, [image: image], Li+, Fe3+, Al3+, Zn2+, Fe2+, K+, Ba2+, Ca2+, Pb2+, Cu2+, Co2+, or Mn2+) and chemical reagents (urea, EDTA, and SDS) were mixed with an enzyme sample in a 50-mM sodium acetate buffer (pH 4.0) at 4°C for 1 h. A sample without any additive was defined as a control (100%). The residual activity was tested using the DNS method (Miller, 1959) as described above.



2.6. Mode of action of TaMan5

To investigate the action model of TaMan5, a total of 5 U of TaMan5 was incubated in a reaction volume of 1 mL with 10 mg/mL of LBG, MOS (DP 2–6), and mannose at 65°C in 50 mM sodium acetate buffer (pH 4.0). Substrates containing inactive enzymes were used as blank controls. Hydrolysates (25 μL) were withdrawn at various times followed by boiling for 10 min and then detected by thin-layer chromatography (TLC) (Katrolia et al., 2013).

All samples were separated on silica gel plates (Merck Silica Gel 60F 254, Germany) with a mixture of n-propanol/ethanol/water (7:1:2, v/v/v) as a developing mobile phase. The saccharides were stained by immersing the plates with 5% sulphuric acid in methanol and subsequent heating for 15 min at 100°C. A mixture of mannose and MOS (DP 2–6) was used as the standards.



2.7. Construction of TaMan5 mutants

The active sites of TaMan5 were predicted to be Glu205 and Glu313 according to the BLAST results (https://blast.ncbi.nlm.nih.gov/Blast.cgi). 3D structure of TaMan5 was simulated using a SWISS-MODEL online server (https://swissmodel.expasy.org), with GH5 β-mannanase from T. reesei (PDB ID: 1qnr.1.A) as the template (sequence identity 57.94%) (Sabini et al., 2000). Based on the simulated 3D structure of TaMan5, residues Glu241, Glu259, Asp152, Asp356, and Asp357 were also considered possible catalytic sites. To further identify the crucial sites, E205A, E241A, E259A, E313A, D152A, D356A, and D357A of TaMan5 mutants were obtained by site-directed mutagenesis corresponding to Glu205, Glu241, Glu259, Glu313, Asp152, Asp356, and Asp357 residues. Constructed plasmids possessing the mutant genes were amplified from the expression vectors pPICZα-TaMan5-opt with the specific primers (Supplementary Table S1) according to the previous report (Basit et al., 2019). Protein expression and activity tests were performed as described above. P. pastoris possessing the normal gene (TaMan5-opt) was defined as the blank control.



2.8. Synergistic action of TaMan5 and commercial α-galactosidase on the degradation of galactomannans

To evaluate the synergistic action of TaMan5 and commercial α-galactosidase (termed AnAgal) on the degradation of galactomannans, 10 mg/mL of LBG or GG degraded by TaMan5 (15 U/mL) and AnAgal (25 U/mL) was performed sequentially or simultaneously. The degree of synergy was calculated by testing the amounts of reducing sugars produced by the hydrolysis action. The reactions (5 mL) were incubated in 50 mM sodium acetate buffer (pH 4.0) at 60 °C, mixing at 200 rpm for 6 h in simultaneous actions, and then stopped by boiling for 5 min. For the sequential action, the first enzyme was interrupted by boiling for 5 min after hydrolysis for 6 h. Then, another enzyme was loaded, and the reaction was stopped by boiling for 5 min after hydrolysis for 6 h under the same conditions. Reactions containing substrate alone were used as blank controls. Supernatants were collected by centrifuging at 12000 rpm for 3 min. Amounts of reducing sugars in the supernatant were tested using the DNS method with mannose as the standard (Miller, 1959).




3. Results and discussion


3.1. Sequence analysis of TaMan5 gene

The β-mannanase gene (TaMan5) from T. asperellum ND-1 encodes 446 amino acids with an open reading frame (ORF) comprising 1341 bp (Gene ID: OM128445). After codon optimization, the codon adaptation index was enhanced from 0.66 to 0.94, and the GC content of the TaMan5 gene was reduced from 50.2 to 42.0% (Supplementary Figure S1). Three potential N-glycosylation sites (Asn-Xaa-Ser/Thr) of TaMan5 were found using the NetNGlyc 1.0 (http://www.cbs.dtu.dk/services/NetNGlyc/). The SignalP-5.0 software analysis suggested that TaMan5 harbored a predicted signal peptide of 27 residues (MGNRALNSMKFFKSQALALLAATSAVA).

Phylogenetic analysis (Figure 2) showed that TaMan5 and the other 23 β-mannanases belonging to the GH5 family were divided into two groups marked as A and B, respectively. Among them, group B consisted of 5 sequences from bacteria, but group A comprised 19 sequences from fungi including TaMan5. Additionally, the sequence alignment showed that TaMan5 displayed maximum similarity with the GH5 family β-mannanase from T. reesei RutC30 (69.57%, AAA34208.1), followed by the GH5 family β-mannanase from T. reesei (58.17%, PDB ID code: 1qnr.1.A) (Sabini et al., 2000), A. niger BK01 (47.65, ACJ06979.1) (Do et al., 2009), and Bacillus sp. KW1 (27.63%, QGN03632.1) (Chen et al., 2021) (Supplementary Figure S2).


[image: Figure 2]
FIGURE 2
 Phylogenetic relationships of the amino acid sequences of TaMan5 from T. asperellum ND-1 and the reference sequences of GH5 β-mannanases in GenBank. The phylogenetic tree was built using the neighbor-joining method. Numbers at the node are the bootstrap values (%).


Therefore, TaMan5 should be a novel GH5 family β-mannanase on the basis of the phylogenetic analysis and multiple protein sequences alignment, suggesting its maximum closeness with the β-mannanases from Trichoderma species (Figure 2). Meanwhile, two catalytic sites (E205 and E313) of TaMan5 were predicted online (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), which were highly conserved in the other GH5 β-mannanases (Supplementary Figure S2).



3.2. Heterologous expression and deglycosylation of TaMan5

Various strategies have been developed to satisfy the high-level production of target proteins in P. pastoris (Yang and Zhang, 2018). Particularly, codon optimization of the target gene expressed in P. pastoris is an effective and preferable way (Looser et al., 2015). Hence, the TaMan5 gene from T. asperellum ND-1 was optimized according to the preferred codon usage in yeast. The codon-optimized gene (TaMan5-opt) showed 76.44% similarity with the native gene (TaMan5-wt), with 316 nucleotides being modified (Supplementary Figure S1). The positive strains, TaMan5-wt and TaMan5-opt (Figure 1A), were verified using PCR (Supplementary Figure S3). Wild-type strain X-33 with an empty pPICZαA vector was used as blank control.

After 5 days of induction by 1% (v/v) methanol, the TaMan5 activity of TaMan5-opt fermentation supernatant continuously improved, reaching a maximum of 67.5 ± 1.95 U/mL (Figure 1B), which was about twice that of TaMan5-wt (35.75 ± 0.86 U/mL). Moreover, the specific activity of TaMan5 produced by constructed strain TaMan5-opt (718.14 ± 20.76 U/mg) toward LBG was remarkably higher than β-mannanases from Bacillus sp. HJ14 (443.4 ± 8.5 U/mg) (Zhang et al., 2016), Ruminococcus flavefaciens (298.5 U/mg) (Goyal et al., 2019), and Penicillium oxalicum GZ-2 (420.9 U/mg) (Liao et al., 2014). It has been reported that heterologous proteins can efficiently improve the expression levels in P. pastoris via codon optimization, such as the α-galactosidase of Lichtheimia ramosa (Xie et al., 2020), cellobiohydrolase of Lentinula edodes (Li et al., 2019), and α-L-arabinofuranosidase of A. niger ND-1 (Zheng et al., 2018).

The SDS-PAGE analysis revealed that the culture supernatant of TaMan5-opt and TaMan5-wt migrated as a single band with an approximate MW of 66.0 kDa (Figure 1C). It has been reported that MW values of β-mannanases from different sources are in the range of 30–80 kDa (Srivastava and Kapoor, 2017). Interestingly, the MW of TaMan5 determined by SDS-PAGE was much bigger than its theoretical value (47.4 kDa), suggesting that TaMan5 is a glycoprotein. Glycosylation is a crucial form of protein post-translational modification that could affect the structure and activity of enzymes expressed in P. pastoris (Bretthauer, 2003; Amore et al., 2017). Three N-glycosylation sites (Asn149, Asn166, and Asn268) of TaMan5 were found using the NetNGlyc 1.0 (http://www.cbs.dtu.dk/services/NetNGlyc/). More specifically, Asn149, Asn166, and Asn268 were located on the surface of the TaMan5 protein, and Asn149 was close to the active site Glu205 (Supplementary Figure S4). N-glycosylation is obligatory for viability. It functions by modifying appropriate asparagine residues of proteins with oligosaccharide structures, thus influencing their properties and bioactivities (Ge et al., 2018; Karbalaei et al., 2020). Many studies have proven that N-glycosylation plays an important role in the activity, thermostability, and secretion of recombinant enzymes in yeast (Hoshida and Fujita, 2013; Yang et al., 2015). Han et al. introduced N-glycosylation at sites 36, 67, and 264 in elastase expressed by P.pastoris and found that the A69T mutation completely inhibited the secretion of recombinant elastase and that the I38T mutant had increased specific activity and similar activity but slightly improved thermostability were observed in the N266T mutant (Han et al., 2014). After deglycosylation with PNGase F, the MW of TaMan5 was close to the theoretical value (Figure 3), and its activity was decreased by 55.37%, which was similar to the reported findings for other fungal hemicellulases, e.g., β-xylanase, α-galactosidase, and α-L-arabinofuranosidase (Miller, 1959; Birijlall et al., 2011).
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FIGURE 3
 SDS-PAGE analysis of recombinant TaMan5 produced by TaMan5-opt following deglycosylation. M, marker; 1, glycosylated TaMan5; 2, deglycosylated TaMan5; 3, PNGase F.




3.3. Effect of pH and temperature on the activity of TaMan5

The effects of pH and temperature on the activity of TaMan5 expressed by TaMan5-opt were investigated using 5 mg/mL of LBG. TaMan5 exhibited the highest activity at pH 4.0 in sodium acetate buffer; over 65% of the maximum activity was maintained in pH 3.0–5.0, suggesting that the enzyme is an acidophilic β-mannanase (Figure 4A). In general, most of the fungal GH5 β-mannanases exhibit pH optima in an acidic range, such as β-mannanases from T. reesei (pH 3.5) (Eneyskaya et al., 2009), A. aculeatus (pH 2.5) (Pham et al., 2010), and P. oxalicum GZ-2 (pH 4.0) (Liao et al., 2014). Furthermore, TaMan5 exhibited remarkable tolerance to an acidic environment, retaining over 80% of its original activity at pH 3.0–5.0 after pretreatment for 1 h at 4°C (Figure 4B).


[image: Figure 4]
FIGURE 4
 Effects of pH and temperature on TaMan5 activity. (A) Optimal pH; (B) pH stability; (C) optimal temperature; and (D) temperature stability. All experiments were carried out in triplicate.


The optimal temperature of TaMan5 was 65°C, with more than 80% of its peak activity observed between 55 and 70°C (Figure 4C). Nevertheless, the enzymatic activity rapidly decreased when the temperature was above 65°C, and the relative activities were <20% at temperatures ≥ 80°C (Figure 4C). With respect to thermostability, TaMan5 was excellently stable for 30 min at 40–60°C, maintaining over 80% of its initial activity (Figure 4D). However, the enzyme activity reduced rapidly and was completely inactivated after treatment for 30 min at above 65oC (Figure 4D). Taking into account all of the above, TaMan5 could be a great candidate for MOS preparation and application in the feed industry due to its excellent acidic-tolerant and thermostability.



3.4. Substrate specificity and kinetic parameters of TaMan5

Substrate specificities of TaMan5 were determined using various substrates, including LBG, GG, beechwood xylan, CMC-Na, pNPC, pNPAf, and pNPG. The results are presented in Table 1. TaMan5 exhibited strict substrate specificity toward galactomannan. It displayed the maximum activity for LBG (67.5 ± 1.95 U/mL, 100%), followed by GG (41.32 ± 1.25 U/mL, 61.2%), which was similar to other GH5 β-mannanases from Bacillus sp. KW1 (Chen et al., 2021), P. oxalicum GZ-2 (Liao et al., 2014), and R. miehei (Katrolia et al., 2013). Moreover, TaMan5 showed minor activity (3.4 ± 0.25 U/mL, 5.1%) toward CMC-Na, but no detectable activity for the hydrolysis of beechwood xylan, wheat arabinoxylan, and pNP derivatives (pNPC, pNPAf, and pNPG).


TABLE 1 Hydrolysis of different substrates catalyzed by TaMan5.

[image: Table 1]

The kinetic parameters of the TaMan5 were evaluated at 65°C and pH4.0 using LBG and GG as the substrates. Km and Vmax values were 1.34 mg/mL and 749.14 μmol/min/mg for LBG, and 3.21 mg/mL and 578.16 μmol/min/mg for GG, respectively. Moreover, the Km value of TaMan5 revealed a greater affinity for LBG in comparison to the Km reported for the other GH5 fungal β-mannanases, such as rManAJB13 from Sphingomonas sp. JB13 (5.0 mg/mL) (Zhou et al., 2012), RmMan5A from R. miehei CAU432 (3.78 mg/mL) (Katrolia et al., 2013), and ManAC from A. calidoustus (3.4 mg/mL) (Sun et al., 2021).



3.5. Effect of metal ions and chemical reagents on the activity of TaMan5

The effects of different metal ions and chemicals on TaMan5 activity are shown in Table 2. The presence of metal ions at 1 or 5 mM (Ni2+, Zn2+, Al3+, Co2+, and Ba2+) had partial or no effect on TaMan5 activity (Table 2). Li+ (1 mM, 108.60%), Fe2+ (1 mM, 114.96%), K+ (1 mM, 109.18%), and Ca2+ (1 mM, 118.05%) slightly or significantly promoted the activity of TaMan5 (Table 2). Upon increasing the concentration to 5 mM, TaMan5 activity was further improved by Fe2+ (118.55%) and Fe3+ (113.98%), respectively (Table 2). The residue metal ions investigated in this study showed a negative effect on TaMan5 activity (Table 2). Among them, Mn2+ and Cu2+ significantly decreased TaMan5 activity by 55.91% and 61.94%, respectively (Table 2). Moreover, TaMan5 activity was significantly decreased by 10 mM Mg2+ (56.36%), Mn2+ (51.31%), Ca2+ (73.61%), and Fe3+ (29.19%), respectively. Ni+, Li+, Fe2+, and Cd2+ remarkably increased TaMan5 activity by 45.2%, 26.73%, 68.02%, and 92.76%, respectively (Table 2). Additionally, TaMan5 activity was intensely inhibited, and no activity was detected in the presence of 1, 5, or 10 mM SDS, as reported previously for β-mannanases from A. niger BK01 (20.5%) (Do et al., 2009), Sphingomonas sp. JB13 (0%) (Zhou et al., 2012) and B. subtilis WY34 (55.5%) (Jiang et al., 2006). On the contrary, 1, 5, or 10 mM EDTA and urea have little effect on TaMan5 activity, suggesting that TaMan5 is not a metaloenzyme and could tolerate urea.


TABLE 2 Effects of metal ions and chemical reagents on TaMan5 activity.
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3.6. Mode of action of TaMan5

The products obtained by hydrolyzing LBG with 5 U of TaMan5 were investigated by TLC. As shown in Figure 5, during the continuous degradation of LBG (Figure 5A), the length of yielded oligosaccharides was shorter, and the end-products were mainly mannobiose and mannotriose. Similarly, other β-mannanases from fungi such as A. niger BK01 (Do et al., 2009), R. miehei CAU432 (Katrolia et al., 2013), and P. chrysosporium (Benech et al., 2007) hydrolyze mannan to generate mainly mannobiose. Mannobiose can be used directly as a food additive and selectively promote the growth of beneficiary bacteria, such as Bifidobacteria sp. and Lactobacillus sp. (Hlalukana et al., 2021).


[image: Figure 5]
FIGURE 5
 Hydrolytic activity of TaMan5 by TLC analysis. (A) Time-course hydrolysis of LBG by TaMan5. (B–F) TLC analysis of hydrolysis products of MOS (DP 2–6) and mannose catalyzed by TaMan5. Mannohexaose (M6), mannopentaose (M5), mannotetraose (M4), mannotriose (M3), mannobiose (M2), and mannose (M1).


To study the action mode of TaMan5, the hydrolysis products of mannose and MOS (DP 2–6) were assessed. The results displayed that TaMan5 could rapidly degrade mannohexaose, mannopentaose, mannotetraose, and mannotriose, yielding mainly mannobiose (Figures 5B–E). It is worth noting that, although M2 was found during the degradation of M3, the formation of a correspondent amount of M1 was not detected (Figure 5E), indicating that TaMan5 possessed transglycosylation capacity. Several GH5 β-mannanases have also been reported to perform the transglycosylation reactions, e.g., PaMan5A from Podospora anserina (Couturier et al., 2013), rManH from Cellulosimicrobium sp. HY-13 (Kim et al., 2011), and AnMan5B from A. nidulans (Rosengren et al., 2014). Moreover, TaMan5 exhibited no detectable activity toward mannobiose (Figure 5F), suggesting that it was a typical endo-acting β-mannanase. It is well known that enzymes with much lower β-mannosidases or exo-mannanases activity are attractive tools (Gómez et al., 2017; Jana et al., 2021); hence, TaMan5 is more suitable for the preparation of mannobiose-enriched MOS prebiotics, which can promote the growth of human-beneficial intestinal microflora.



3.7. Mutant construction for the catalytic sites of TaMan5

According to TaMan5, a three-dimensional structure was simulated by using T. reesei β-mannanase (PDB ID: 1qnr.1.A) as the template (Sabini et al., 2000), and potential catalytic sites of TaMan5 were selected (Figure 6A) and mutated by site-directed mutagenesis to confirm vital residues responsible for enzyme activity. The SDS-PAGE analysis displayed that TaMan5 and its mutants migrated as a single band at approximately 66.0 kDa (Figure 6B). The enzyme activities of mutants E241A, E259A, and D356A were very close to normal β-mannanase TaMan5 (Figure 6C, Table 3). However, mutants of D152A and D357A led to a drastic decrease (by ~40 and 90%, respectively) in TaMan5 activity (Figure 6C, Table 3), indicating the auxiliary function of Asp152 and Asp357 toward mannan deconstruction. Additionally, E205A and E313A were located at the catalytic domain of TaMan5 (Figures 6D, E), and their distance was approximately 10.36 Å (Figure 6F), which is similar to the distance between the conserved sites in the structure of 1qnr.1.A (10.36 Å) (Figure 6G). Furthermore, no enzyme activity was found for the mutants E313A and E205A (Figure 6C), indicating that Glu313 and Glu205 were the critical sites for TaMan5 activity. Chen et al. reported that Glu206 and Glu314 were the necessary catalytic residues of β-mannanase A. sulphureus and they also did not exhibit any activity (Chen et al., 2008).


[image: Figure 6]
FIGURE 6
 Confirmation of TaMan5 catalytic sites. (A) 3D structure of enzyme simulated by SWISS-Model software. Predicted catalytic sites are marked. SDS-PAGE analysis (B) and enzyme activities (C) of TaMan5 and its mutants. The amino acid residue E205 (D) and E313 (E) was labeled. (F) The two residues in TaMan5 protein are separated by approximately 10.36 Å. (G) The two residues in the structure of template (1qnr.1.A) are located at 10.36 Å.



TABLE 3 Enzyme activities of TaMan5 and its mutants.
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3.8. Degradation of galactomannans by the synergistic action of TaMan5 and commercial α-galactosidase

High-efficiency hydrolysis of galactomannans demands that multiple enzymes, particularly β-mannanases and α-galactosidases (Moreira and Filho, 2008; Wang et al., 2010; Malgas et al., 2015), cooperatively act together. Moreover, the complete conversion of galactomannan main chains to mannobiose depends on various factors, such as the ratio of mannose to galactose, and the simultaneous or sequential action of enzymes. As the final hydrolysate of mannan, mannobiose can be used as a prebiotic and promote the growth of beneficial bacteria such as Lactobacillus sp. and Bifidobacteria sp. (Hlalukana et al., 2021).

The capability of TaMan5 and commercial α-galactosidase AnAgal individually or in combination with hydrolyzed LBG or GG was evaluated under simulated gastric conditions (sodium acetate buffer, pH 4.0). As shown in Figure 7, simultaneous reactions (TaMan5 + AnAgal) exhibited a remarkable synergistic effect on the hydrolysis of LBG or GG, compared to the sum of reducing sugar released by TaMan5 or AnAgal alone. The release of reducing sugar increased by 44.9% and 66.7%, respectively (Figure 7). In addition, the effects of the sequential addition of TaMan5 and AnAgal on LBG or GG degradation were further investigated. When LBG was initially degraded by TaMan5 for 6 h and then treated with AnAgal for another 6 h, the reducing sugar yield was close to that following the simultaneous action of the enzymes (Figure 7A). This phenomenon is similar to α-galactosidase and β-mannanase from L. ramosa (Xie et al., 2020). Moreover, the sequential degradation (AnAgal → TaMan5) for GG improved the release of reducing sugar by 59.3% (Figure 7B), which was much higher than that of LBG (Figure 7A). The reason for this may be that galactomannans contain different ratios of mannose to galactose (M:G); and LBG has a higher M:G ratio (4:1) than that of GG (2:1) (Malgas et al., 2015; Singh et al., 2018). In the degradation process, AnAgal catalyzes the cleavage α-1,6-linked galactose residues from the side chain of GG, which can remarkably promote accessibility of the mannan backbone to TaMan5, thereby exhibiting much higher hydrolysis efficiency (Moreira and Filho, 2008; Aulitto et al., 2019; Chen et al., 2021). The synergism of TaMan5 and commercial α-galactosidases could efficiently decrease costs and energy required in terms of improving prebiotic mannobiose production, which was an environmentally friendly and sustainable strategy to produce value-added bioactive polysaccharide from agricultural waste.


[image: Figure 7]
FIGURE 7
 Synergistic action of TaMan5 and commercial α-galactosidase AnAgal on the degradation of galactomannans. (A) LBG; (B) GG. Data reflect the mean ± SD (n = 3).





4. Conclusion

A novel β-mannanase (TaMan5) from T. asperellum ND-1 displayed multiple properties of acidophilic, ethanol-tolerant and halophilic was characterized and effectively improved its activity via codon optimization. TaMan5 can rapidly convert mannan into mannobiose without mannose via hydrolysis activity and transglycosylation activity. Site-directed mutagenesis results showed that Glu205, Glu313, and Asp357 of TaMan5 are the crucial catalytic residues, with Asp152 playing an auxiliary function. In addition, the synergy of TaMan5 and commercial α-galactosidases could remarkably enhance the yield of bioactive polysaccharide mannobiose. This study provided a novel acidophilic β-mannanase with ideal characteristics and can, therefore, be considered a potential candidate for application in food and animal feed industries.
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