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Abstract

:

Agarases catalyze the hydrolysis of agarose to oligosaccharides which display an array of biological and physiological functions with important industrial applications in health-related fields. In this study, the gene encoding agarase (Aga-ms-R) was cloned from Microbulbifer sp. BN3 strain. Sequence alignment indicated that Aga-ms-R belongs to the GH16 family and contains one active domain and two carbohydrate binding module (CBM) domains. The mature Aga-ms-R was expressed successfully by employing the Brevibacillus system. Purified rAga-ms-R was obtained with a specific activity of 100.75 U/mg. rAga-ms-R showed optimal activity at 50 °C and pH 7.0, and the enzyme activity was stable at 50 °C and also over the pH range of 5.0–9.0. After exposure of rAga-ms-R to 70 °C for 30 min, only partial enzyme activity remained. Thin layer chromatographic analysis of the enzymatic hydrolysate of agar obtained using rAga-ms-R disclosed that the hydrolysate comprised, in a long intermediate-stage of the hydrolysis reaction, mainly neoagarotetraose (NA4) and neoagarohexaose (NA6) but ultimately, predominantly neoagarotetraose and trace amounts of neoagarobiose (NA2). Hydrolysates of the raw red seaweeds Gracilaria sjoestedtii and Gelidium amansii, produced by incubation with rAga-ms-R, were mainly composed of neoagarotetraose. The results demonstrate the high efficiency of rAga-ms-R in producing neoagaraoligosaccharide under low-cost conditions.
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1. Introduction


Agarase is a glycoside hydrolase (GH) that specifically degrades agarose, and the bulk of the hydrolysate of agarose is composed of agarose oligosaccharide [1]. Agarases hydrolyze agarose to oligosaccharides [2]. According to the different ways in which enzymatic hydrolysis is brought about, agarases can be divided into α-agarases (EC 3.2.1.158) and β-agarases (EC 3.2.1.81) [3]. The site of action of β-agarases (EC 3.2.1.81) lies in the β-1, 4-glycosidic bond; the new agarose oligosaccharide formed possesses β-D-galactose as the reducing end [4]. Compared with methods of acidic hydrolysis, agarases catalyze the hydrolysis of agars/agarose to produce biologically improved oligosaccharides with notable efficiency and specificity, controllable products, simple production facilities, low energy consumption, and minimal environmental pollution are the advantages. Agar oligosaccharides, the degradation products of agarose-catalyzed agarose hydrolysis in particular, display multiple biological and physiological activities including antioxidant and anti-inflammatory activities, with significant industrial applications in the cosmetic, pharmaceutical and food arenas [5,6]. Due to these favorable features of agar oligosaccharides, their preparation and potential applications have attracted widespread attention.



Agarases have been isolated mostly from marine-related microorganisms, marine sediments, marine algae and intestines of animals that feed on seaweeds. To date, agarases from many agarose-producing bacteria have been biochemically characterized [5,7]. Most of these bacteria are Gram-negative, and many bacteria secrete agarases in the form of extracellular enzymes [8]. Although the database of newly discovered agarases is constantly expanding, very few of them find practical commercial applications in food or other industries because of the meager activity, stability, and yields of the enzymes [9]. Therefore, searching for new agarases with heightened activity and pronounced stability is of paramount significance for research on agar-oligosaccharides and commercial goals for agar-oligosaccharides. Genetic engineering is an important means to enhance the production of many proteins. Many new agarases are produced through recombinant techniques [5,6], and these recombinant agarases would form specific and efficient tools for preparing functional oligosaccharides [10]. Therefore, several protein expression systems have been applied to develop functional recombinant agarases. Reports revealed that Escherichia coli is a common host for recombinant agarases formed in cells [11,12,13,14] which produce various bioactive enzymes while Bacillus subtilis is used to express β-agarase extracellularly, such as those from Microbulbifer isolates [15]. B. subtilis has been used to achieve a production of agarase which is much higher than that brought about by E. coli [2]. Also, Pichia pastoris is an efficient production system for secreting expressed agarase [16]. Due to its highly efficient secretory expression, the Brevibacillus expression system allows the production of a large number of heterologous proteins with prokaryotic characteristics. However, to the best of our knowledge, the expression of agarase in Brevibacillus has not been reported.



The marine ecosystem, due to its great biodiversity, is a promising source of microorganisms with tremendous potential and which produce various enzymes [17]. In this study, we cloned an agarase gene Aga-ms-R, which contains a catalytic structure and two carbohydrate binding module (CBM) domains. The agarase protein was expressed in the B. brevis expression system (Brevibacillus) and its enzymatic properties were studied. Thin layer chromatographic analysis of the enzymatic hydrolysate of agar in the case of rAga-ms-R revealed that the hydrolysate comprised mainly neoagarotetraose (NA4) and neoagarohexaose (NA6) in a long intermediate-stage of the hydrolysis reaction, and mainly neoagarotetraose (NA4) and trace amounts of neoagarobiose (NA2) eventually. It has been reported that neoagarotetraose (NA4) and neoagarohexaose (DP6) exhibit anti-inflammatory and antitumor activities [18,19].




2. Results and Discussion


2.1. β-Agarase Gene Derived from Microbulbifer sp. BN3 Strain


A β-agarase gene of Aga-ms-R (GenBank Accession No. MH621334) was cloned from Microbulbifer sp. BN3 with the aid of Touchdown PCR and Genome walking. The gene contained a reading frame of 1791 bp, encoding a protein of 577 amino acids with a theoretical molecular weight of approximately 63.7 kDa. The first 20 amino acids at the N-terminus comprised a signal peptide predicted by the program SigalP 4.0. Amino acid sequence alignment (Figure 1a) of Aga-ms-R indicates that it belongs to the GH16 family of β-agarases, with up to 97% similarity to β-agarase derived from Microbulbifer pacificus (WP_105101548.1, AYV64444.1); 56% similarity to β-agarase derived from Microbulbifer sp. AG1 (ALN70307.2); and 53% similarity to β-agarase derived from Simidia agarivorans (WP_015048661.1). The conserved catalytic amino acids Glu146-Asp148-Glu151 and E[ILV]D[IVAF][VILMF][0,1]E, which are ubiquitous in the other GH16 family agarases, are also present in the sequence of the Aga-ms-R. Glu146 and Glu151 act as nucleophiles and acids/bases, respectively, and Asp148 may be important in maintaining the charge in the vicinity of the catalytic amino acids [20].



The domain structure of the agarase was analyzed by Blast of NCBI (the US National Center for Biotechnology Information). The domain from the N-terminus to the C-terminus is as follows: catalytic domain of GH16-beta-agarase, two domains of CBM6-CBM35-CBM36-like-superfamily (Figure 1b). The CBM6 and related CBMs (CBM35 and CBM36) in the non-catalytic regions can form substrate-binding grooves to help the enzymes bind substrates more efficiently in some GH enzymes such as agarases [21], xylanases [22], and cellulases [23].




2.2. Expression and Purification of rAga-ms-R


The Brevibacillus expression system has various advantages such as extracellular secretion of large amounts of protein, simple procedures for genetic manipulation and culture, and safe host bacteria. It is an efficient system for producing elevated yields of secreted proteins, and enzymes from B. brevis and E. coli almost do not differ in specific activity. However, a superior yield is an advantage of B. brevis compared to E. coli [24]. Hence, it is widely used for producing a large number of heterologous proteins and is especially suitable for producing secreted proteins.



After gene sequence analysis of Aga-ms-R, the primers for the cloning experiment were synthesized. Then, the Aga-ms-R gene was constructed into a pNY326 plasmid to form a plasmid of the pNY326-Aga-ms-R plasmid, which was transferred into Brevibacillus cells. Highly expressed recombinant strains were screened on an agar petri dish and then in an erlenmeyer flask. The recombinant strain was fermented in 2SYNm liquid medium at 32 °C for 60 h. After fermentation, the supernatant was collected for analysis of enzyme activity and SDS-PAGE. Finally, the agarase activity of the fermentation broth was 16.83 U/mL after 60 h of fermentation. SDS-PAGE disclosed that rAga-ms-R possessed a molecular weight of approximately 63 kDa (Figure 2), consistent with its theoretical molecular weight.



The rAga-ms-R was purified from the fermentation supernatant by steps of ammonium sulfate precipitation, desalting and ion exchange chromatography. The specific activity of the purified protein was 100.75 U/mg (Table 1).



β-agarase from different microorganisms differed vastly in specific activity, and the specific activities of recombinant agarases ranged from 4.99 to 5000 U/mg [5]. Chi et al. reported that the specific activity of recombinant β-agarase from Alteromonas sp. was only 6.84 U/mg [25]. Specific activities of agarases from Thalassomonas sp. LD5 [26], Flammeovirga sp. strain MY04 [27], and Janthinobacterium sp. SY12 [28] were 149, 185 and 837.10 U/mg, respectively. In the present study, recombinant β-agarase exhibited a specific activity of about 100 U/mg, similar to those reported. To our knowledge, this is the first report of a β-agarase expressed in the Brevibacillus expression system.




2.3. Enzymatic Characterization of rAga-ms-R


Purified Aga-ms-R was assayed for enzyme activity at pH 3.0–11.0 and 50 °C. It displayed the highest activity at pH 7.0. At pH 5.0–8.0, the activity of Aga-ms-R exceeded 50% of the highest activity (Figure 3a). After incubation of the recombinant agarases in buffers with different pH values, the residual activity was determined at 50 °C and pH 7.0. More than 50% of the agarase activity was preserved in Aga-ms-R after incubation at pH 10.0. About 30% activity was retained following incubation at pH 4.0 and 11.0 (Figure 3b).



The optimum pH of bacterial agarases ranges from pH 4.5 to 9.0 as reported [5]. Since the pH of natural water in the sea is weakly alkaline, maximum activity of most recombinant agarases are at neutral or weakly alkaline pH. The pH adaptability exhibited by the recombinant agarase was similar to those described in the literature, for instance, pH 4.0–8.0 for agarase derived from Vibrio sp. PO–303 [29], pH 4.5–8.5 for agarase derived from Halococcus sp. 197 [30], and pH 4.0–10.0 for agarase derived from Vibrio sp. F–6 [31]. This adaptability may be related to the marine environment in which these microorganisms reside.



The enzyme activities of the purified recombinant Aga-ms-R was assayed at pH 7.0 and at 20–70 °C. The optimum reaction temperature of recombinant agarase was 50 °C. The activity of Aga-ms-R at 70 °C was 20% of the maximal value (Figure 3c). rAga-ms-R was relatively stable at 50 °C (Figure 3d). rAga-ms-R retained more than 40% residual enzyme activity, following incubation at 60 °C for 60 min (Figure 3d). After incubation at 70 °C for 30 min, 20% of the enzyme activity of rAga-ms-R still remained (Figure 3d).



The optimum temperature for the activity of most agarases spans a range from 30 to 50 °C, and the optimum temperature of the majority of agarases are above the gelling temperature of agar (38 °C). Furthermore, the optimum reaction temperature for recombinant agarases is largely in the vicinity of 40 °C. For instance, the agarase derived from Microbulbifer sp. Q7 manifested an optimum temperature of 40 °C [32]. The optimum temperatures of agarase AgaB-4 from Paenibacillus agarexedens [33] and agarase from Catenovulum agarivorans YM01 [12] were 55 °C and 60 °C, respectively. Hence the optimum temperature of the recombinant agarose obtained in this study is consistent with data in the literature. Due to the origin from marine organisms, most of the agarases are not thermostable at high temperatures. Reports show that most recombinant agarases were stable at temperatures of 30 °C [34,35,36], 40 °C [11,12,37] and 50 °C [38], respectively. Marine bacterial agarases with optimal activity could hydrolyze marine algae to produce neoagaraoligosaccharide industrialized under economic conditions. In this study, rAga-ms-R was relatively stable up to 50 °C and had more than 40% residual enzyme activity even after incubation at 60 °C for 60 min.



Residual enzyme activity was determined after incubation of rAga-ms-R in the presence of different metal ions and other chemicals (Table 2). Cu2+ and Fe3+ ions exerted very strong inhibitory effects on the activity of Aga-ms-R. In comparison, Co2+, Ni2+, Mn2+, Zn2+ and Fe2+ ions had relatively strong inhibitory effects, while SDS and EDTA exhibited only a slight suppressive effect. The effect of metal ions and other chemicals on recombinant agarase activity was similar to those stated in other reports. Among them, Cu2+ and Fe3+ ions potently undermined the activity of β-agarase [39]. Fe2+, Zn2+ and Mn2+ ions suppressed the activity of recombinant agarase [40]. In contrast, K+, Na+, and Mg2+ ions produced a slight stimulatory effect on the activity of recombinant agarase [41].




2.4. Km Values of rAga-ms-R


The Michaelis constant is the characteristic constant of an enzyme exhibiting Michaelis-Menten kinetics. It reflects the affinity of the enzyme for the substrate, and is related to the type and structure of the enzyme; the smaller the Km value, the stronger the ability of the enzyme to bind to the substrate. For recombinant agarase Aga-ms-R, the calculated Km was 1.961 mg/mL, and the calculated Vmax was 0.737 μmol/(mg·min).




2.5. Analysis of Hydrolysis Products


rAga-ms-R hydrolyzed the agar substrate at 50 °C and pH 7.0 to produce the hydrolysates, and hydrolysis products were used for subsequent analysis. Thin layer chromatography (TLC) was carried out to analyze the hydrolysates. The results of the analysis are as follows.



The enzyme hydrolysis products of rAga-ms-R were analyzed using TLC, which revealed that rAga-ms-R catalyzed rapid degradation of agarose to neoagarotetraose (NA4) and neoagarohexaose (NA6), and neoagaro-oligosaccharides larger than NA6 as products in the early stage of the reaction (time <30 min). After 60 min of the reaction, neoagarotetraose (NA4) and neoagarohexaose (NA6), as well as small amounts of compounds larger than neoagarooctaose (NA8), appeared. Finally, the bulk of the neoagarohexaose (NA6) was converted to neoagarotetraose (NA4) and trace amounts of neoagarobiose (NA2) were present after additional agarase and prolonged incubation (Figure 4a).



Furthermore, hydrolysates of raw Gracilaria sjoestedtii and Gelidium amansii were analyzed in comparison to that of agarose by TLC. Figure 4b shows that rAga-ms-R catalyzed rapid degradation of raw Gracilaria sjoestedtii and Gelidium amansii to produce chiefly neoagarotetraose (NA4). Compared with the use of agarose as substrate, rAga-ms-R was less efficient in producing neoagarohexaose (NA6) with Gracilaria sjoestedtii and Gelidium amansii as substrates. The efficient degradation of unprocessed substrates shows the high utility of rAga-ms-R in practical applications.



Hydrolysates of neoagarotetraose (NA4), neoagarohexaose (NA6) and neoagarooctaose (NA8) by rAga-ms-R were analyzed by TLC after a prolonged reaction (Figure 4c). The neoagarotetraose (NA4) substrate was hardly hydrolyzed. The neoagarohexaose (NA6) substrate was almost converted to neoagarotetraose (NA4) and neoagarobiose (NA2). rAga-ms-R catalyzed rapid degradation of neoagarooctaose (NA8) to neoagarohexaose (NA6) and neoagarotetraose (NA4) in the early stage of the reaction (time <30 min). In particular, rAga-ms-R seems to polymerize oligosaccharides at the initial stage (time <10 min). Finally, most of the neoagarohexaose (NA6) was converted to neoagarotetraose (NA4) and trace neoagarobiose (NA2) after prolonged incubation (Figure 4c). The staining of neoagarobiose (NA2) was weaker than other markers on TLC.



Most of the products of hydrolysis of the substrate of the GH16 family agarase was neoagarotetraose (NA4). The product was neoagarobiose (NA2) in the case of GH50 family agarases, and neoagarohexaose (NA6) and neoagarooctaose (NA8) in the case of GH86 family agarases [6]. In this study, hydrolysis of agarose catalyzed by rAga-ms-R yielded as products mainly neoagarotetraose (NA4) and neoagarohexaose (NA6) in a long intermediate stage of the reaction. Neoagarohexaose (NA6) could be further hydrolyzed to neoagarotetraose (NA4) and neoagarobiose (NA2) under conditions of additional rAga-ms-R. Moreover, rAga-ms-R was efficient in preparing neoagarotetraose (NA4) with raw Gracilaria sjoestedtii and Gelidium amansii as substrates. There are many applications for neoagarooligo-saccharides, especially for neoagarobiose (NA2), neoagarotetraose (NA4) and neoagarohexaose (NA6). Neoagarobiose (NA2) is a reagent with moisturizing and whitening effects [42]. In LPS-stimulated macrophages, neoagarotetraose (NA4) may reduce the inflammatory responses by downregulating the mitogen-activated protein kinases (MAPK) and NF-κB signaling pathways [18]. Neoagarohexaose (DP6) displays antitumor activity against B16F1 melanoma cells [19]. Thin layer chromatography analysis of the hydrolysate revealed that the enzymatic hydrolysate of agar in the cases of rAga-ms-R were mainly neoagarotetraose (NA4) and neoagarohexaose (NA6) by process control.



In order to adapt to various living environments, differences in the same enzyme represent a consequence of natural evolution. Constantly enriching genetic resources is conducive to the study of its function and evolution. The intent of trying out different expression systems is to better obtain the protein encoded by the gene to facilitate the study of function, characteristics and application.



The hydrolysis of β-glycosidic linkages of agarose can yield neoagarooligosaccharides (NAOs) of diverse sizes, and the hydrolysis products produced by the β-agarase-catalyzed reaction vary depending on the type of β-agarase employed. The bulk of the products formed by hydrolysis of the substrate of the GH16 family agarase was neoagarotetraose (NA4). Amino acid sequence alignment (Figure 1a) of Aga-ms-R indicates that it belongs to the GH16 family of β-agarases, with up to 97% homology to β-agarase derived from Microbulbifer pacificus (WP_105101548.1, AYV64444.1). To our knowledge, β-agarase (WP_105101548.1) has not been characterized whereas β-agarase (AYV64444.1) hydrolyzed agarose to mainly neoagarobiose (NA2) [43].



In this study, rAga-ms-R exhibited differences in the pattern of substrate degradation. Hydrolysis of agarose catalyzed by rAga-ms-R yielded principally neoagarotetraose (NA4) and neoagarohexaose (NA6) in a long intermediate stage of the reaction, and neoagarohexaose (NA6) of hydrolysates was further hydrolyzed to neoagarotetraose (NA4) and neoagarobiose (NA2) under conditions of additional rAga-ms-R. Moreover, rAga-ms-R was efficient in producing neoagarotetraose (NA4) with raw Gracilaria sjoestedtii and Gelidium amansii as substrates. However, the relationship between the amino acid sequence of agarase and pattern of agarose hydrolysis will have to await further studies.





3. Materials and Methods


3.1. Materials


The Microbulbifer sp. BN3 strain was isolated from a coastal soil sample which was collected from Taiwan Strait, China. pMD-18 T vector Kit and Genome Walking Kit were purchased from TAKARA (Dalian, China). The expression vector pNY326 and Brevibacillus cells were purchased from TAKARA (Dalian, China).



DNA Gel Extraction Kit and other analytical grade reagents were purchased from Sangon Biotech (Shanghai) Co., Ltd. (Shanghai, China). Culture media such as MTNm, TM, 2SYNm, MT were prepared as described in the Brevibacillus Expression Kit User Manual (Dalian, China). Primers were customed from Sangon Biotech (Shanghai) Co., Ltd. (China). DNA sequencing was carried out by Invitrogen (Guangzhou, China).




3.2. Methods


3.2.1. Gene Cloning of Agarase


The identification of highly conserved sequence regions of GH16 β-agarases was enabled by alignment of the amino acid sequences derived from several microbial species. Based on the conserved amino acid sequences, touchdown PCRs were performed for cloning the gene fragment encoding GH16 β-agarases with two degenerate primers (D1 and D2, Table S1). The annealing temperature of the touchdown PCR gradually decreased from 60 °C to 41 °C at the rate of 1 °C in every cycle, followed by 20 cycles at 40 °C. The gene fragment encoding conserved domain was subcloned into pMD-18 T and sequenced.



The flanking regions of the gene fragment were obtained by using a genome walking kit (TAKARA) with the nested primers (T3 series, Table S1) synthesized based on the sequence of the gene fragment encoding conserved domain. The PCR products were purified on 1.0% (w/v) agarose gels and sequenced.



The reading frame encoding the mature GH16 β-agarase (Aga-ms-R) was cloned with the specific primers (BA-F and BA-R1, Table S1) synthesized. The PCR products were purified on 1.0% (w/v) agarose gels for sequencing.




3.2.2. Heterologous Expression of Aga-ms-R in Brevibacillus


The gene encoding β-agarase (Aga-ms-R) was ligated with pNY326. Recombinant plasmids (pNY326-Aga-ms-R) were constructed and transformed into Brevibacillus cells according to procedures in the Brevibacillus Expression Product Manual. Brevibacillus transformants were screened on MTNm plates, and 10–20 positive colonies were randomly selected from the MTNm plates and inoculated in 2 mL of TMNm medium at 37 °C in an orbital shaker (120 rpm) for 15–18 h. The plasmids of the transformants were extracted for restriction enzyme digestion to confirm positive colonies.



Individual colonies were selected and inoculated in a 100 mL erlenmeyer flask containing 10 mL 2SYNm liquid medium. The culture was incubated at 30–33 °C with shaking (120 rpm) for 48–64 h. After micro-fermentation had been completed, the supernatants collected by centrifuging at 5000× g for 5 min were used for analysis of enzyme activity and SDS-PAGE.




3.2.3. Purification of rAga-ms-R


The recombinant agarase (rAga-ms-R) in culture medium was concentrated by adding saturated ammonium sulfate to 55% (w/v) and centrifugation at 13,200× g and 4 °C for 30 min. The resulting precipitates were resuspended in a of 50 mmol/L Tris-HCl buffer (pH 8.0), desalted with a HiTrapTM desalting column (GE HealthCARE, Chicago, IL, USA), and then purified with a 5 mL HiTrapTM DEAE FF ion exchange column. The purity of rAga-ms-R was evaluated by the presence of a single band in SDS-PAGE.




3.2.4. Definition of Enzyme Activity and Protein Quantification


β-agarase activity was determined with 0.3% agar (Sigma G0753, Darmstadt, Germany) as substrate. One unit of β-agarase activity was defined as the amount of enzyme required to release 1 μmole of reducing sugar at 50 °C and pH 7.0. Protein quantification was performed with a Bradford Protein Quantification Kit (Sangon Biotech (Shanghai) Co., Ltd., Shanghai, China).




3.2.5. Biochemical Characterization of rAga-ms-R


The optimal pH for rAga-ms-R activity was determined by measuring enzyme activity between pH 3.0–11.0 at 50 °C. The buffers used in this study were 50 mmol/L NaH2PO4-citric acid (pH 3.0–8.0) and 50 mmol/L glycine-NaOH (pH 8.0–11.0). The enzyme stability at various pH values was studied by measuring the residual enzyme activity at 50 °C, after incubating the agarose, for 1 h at room temperature, in buffers with a pH ranging from 3.0 to 11.



The optimum temperature for rAga-ms-R activity was determined by measuring enzyme activity at various temperatures ranging from 30 °C to 70 °C in 50 mmol/L NaH2PO4-citrate buffer (pH 7.0). The thermal stability of agarase was evaluated by measuring the residual enzyme activity at 50 °C and pH 7.0, after incubating the enzyme preparation in 50 mmol/L NaH2PO4-citrate buffer (pH 7.0) at 50, 60 and 70 °C for 5, 10, 15, 20, 30 and 60 min, respectively.



To test the effect of ions on enzyme activity, the activity of the purified recombinant agarase was measured after incubation in 50 mmol/L NaH2PO4-citric buffer (pH 7.0) in the presence of various metal ions and other chemicals added in salt form, all at the concentration of of 5 mmol/L. Activities were compared with the control without additional metal ions and other chemicals.



Different concentrations of the agar substrate (0.05, 0.08, 0.1, 0.15, 0.2 and 0.3%, respectively) were prepared, and the enzyme activity was measured under optimum conditions (pH 7.0, 50 °C). The reaction rate was calculated, using the Mie equation and a double reciprocal plot of 1/V and 1/[S] was employed (Lineweaver-Burk method) to ascertain the Km and Vmax values.




3.2.6. Analyses of Products of Hydrolysis


A mixture of 0.5 mL rAga-ms-R (100 U/mL) and 4.5 mL agarose (1% W/V) was prepared in 50 mmol/L NaH2PO4-citric acid buffer (pH 7.0), and incubated at 50 °C. A 500 uL aliquot of the reaction mixture was taken after incubation for 5, 15, 30, 60, 120 min and 24 h, respectively. Then, the enzyme reaction in each of the aliquots removed was terminated by placing it in boiling water for 5 min.



Gracilaria sjoestedtii and Gelidium amansii in the form of powdery substrates were prepared in 50 mmol/L NaH2PO4-citric acid buffer (pH 7.0) and incubated with rAga-ms-R (100 U/mL, 10% V/V) for 24 h. Then, the enzyme reaction was terminated in boiling water for 5 min.



The hydrolyzed products were analyzed by thin-layer chromatography (TLC) using a silica gel 60 plate (Merck). Neoagarobiose (NA2), neoagarotetraose (NA4), neoagarohexaose (NA6) and neoagarooctaose (NA8) (Sigma-Aldrich) were used as markers, and n-butanol/acetic acid/H2O (2:2:1) was employed as the mobile phase. A color reagent, consisting of 2% phenylamine, 2% diphenylamine and 10% phosphoric acid in acetone, was used for detection of neoagarooligosaccharide on TLC plates. [44].






4. Conclusions


In this study, sequence analysis of the β-agarase gene derived from marine microorganisms revealed that the agarase contained a catalytic structure and two CBM domains. The full-length of the agarase gene was successfully expressed in a Brevibacillus expression system. Enzymatic characterization of the purified recombinant agarase disclosed optimum activity at pH 7.0 and 50 °C. After exposure to pH 4.0 and pH 10.0 for 1 h, rAga-ms-R retained more than 30% enzyme activity. After exposure to 70 °C for 30 min, more than 20% of the enzyme activity of Aga-ms-R remained. Results of analysis of the hydrolysate indicated that rAga-ms-R hydrolysed agar to produce neoagarotetraose (NA4) specifically and neoagarohexaose (NA6) non-specifically. With the use of rAga-ms-R, neoagarotetraose (NA4) and neoagarohexaose (NA6), which may attenuate the inflammatory response and antitumor activity, can be conveniently prepared. The hydrolysates of raw Gracilaria sjoestedtii and Gelidium amansii produced with the catalytic action of rAga-ms-R contained essentially neoagarotetraose (NA4). Results demonstrate the high efficacy of rAga-ms-R in producing neoagaraoligosaccharide under low-cost conditions.
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Figure 1. (a) Alignment of sequences of β-agarase from Microbulbifer sp. BN3 with agarases from Microbulbifer pacificus (WP_105101548.1, AYV64444.1) (97% similarity), Microbulbifer sp. AG1 (ALN70307.2) (56% similarity) and Simiduia agarivorans (WP_015048661.1) (53% similarity); catalytic site residues are highlighted in the rectangular frame; the catalytic domain and the carbohydrate binding module (CBM) domains are indicated by double arrows. (b) Conserved domain analysis of the agarase (Aga-ms-R) by NCBI and signal peptide prediction by SignalP 4.1. 
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Figure 2. SDS-PAGE analysis of recombinant agarases from Brevibacillus. Lane M: low-molecular-weight marker; Lane 1: crude enzyme solution of recombinant enzyme Aga-ms-R; Lane 2: purified recombinant enzyme Aga-ms-R. 
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Figure 3. (a) Optimal pH of rAga-ms-R. (b) pH stability of the rAga-ms-R. T. (c) Optimal temperature of recombinant agarases. (d) Temperature stability of the rAga-ms-R. (e) Thermal inactivation of rAga-ms-R. The values represent mean ± standard error of three independent experiments. 
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Figure 4. Thin layer chromatography (TLC) analysis of hydrolysates catalyzed by rAga-ms-R. (a) The hydrolysate of agarose. Lanes 1–6 represent hydrolysates of agarose incubated for 5, 15, 30, 60, 120 min and 1440 min, respectively. (b) The hydrolysate of agarose, Gracilaria sjoestedtii and Gelidium amansii for 120 min. Lanes 1–5 represent hydrolysates of agarose, Gracilaria sjoestedtii (sterilized for 15 min), Gracilaria sjoestedtii (raw), Gelidium amansii (sterilized for 15 min) and Gelidium amansii (raw). (c) The hydrolysate of NA8, NA6, NA4. Lanes 1–5: hydrolysate of NA8 for 5, 30, 60, 120 and 1440 min, respectively. Lane 6: hydrolysate of NA4; lane 7: hydrolysate of NA6. 
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Table 1. Summary of rAga-ms-R purification from Brevibacillus culture filtrate.
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	Purification Step
	Total Activity (U)
	Total Protein (mg)
	Specific Activity (U/mg)
	Purification Fold
	Recovery

(%)





	Crude extract
	336.6
	15.68
	17.71
	1
	100



	(NH4)2SO4

precipitation
	282.7
	7.9
	35.79
	2.02
	83.99



	DEAE FF
	231.7
	2.3
	100.75
	5.69
	68.84
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Table 2. Effects of metal ions and other chemicals on agarase activity of rAga-ms-R.
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	Metal Ion/Chemical

(5 mmol/L)
	Relative Activity (%)
	Metal Ion/Chemical

(5 mmol/L)
	Relative Activity (%)





	Control
	100
	Fe3+
	15 ± 2.9



	K+
	97 ± 3.1
	Mn2+
	66 ± 2.6



	Na+
	110 ± 2.7
	Zn2+
	79 ± 3.1



	Ca2+
	99 ± 1.9
	Mg2+
	105 ± 2.5



	Li2+
	101 ± 2.9
	Fe2+
	65 ± 2.8



	Co+
	54 ± 3.0
	EDTA
	87 ± 3.0



	Ni2+
	72 ± 3.3
	SDS
	83 ± 1.8



	Cu2+
	25 ± 3.5
	
	







Values represent the agarase activity (%) expressed in mean ± SD (n = 3) relative to the untreated control rAga-ms-R.














© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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