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Abstract

:

Alginate lyases are important tools to prepare oligosaccharides with various physiological activities by degrading alginate. Particularly, the bifunctional alginate lyase can efficiently hydrolyze the polysaccharide into oligosaccharides. Herein, we cloned and identified a novel bifunctional alginate lyase, AlyA, with a high activity and broad substrate specificity from bacterium Isoptericola halotolerans NJ-05 for oligosaccharides preparation. For further applications in industry, the enzyme has been characterized and its action mode has been also elucidated. It exhibited the highest activity (7984.82 U/mg) at pH 7.5 and 55 °C. Additionally, it possessed a broad substrate specificity, showing high activities towards not only polyM (polyβ-d-mannuronate) (7658.63 U/mg), but also polyG (poly α-l-guluronate) (8643.29 U/mg). Furthermore, the Km value of AlyA towards polyG (3.2 mM) was lower than that towards sodium alginate (5.6 mM) and polyM (6.7 mM). TLC (Thin Layer Chromatography) and ESI-MS (Electrospray Ionization Mass Spectrometry) were used to study the action mode of the enzyme, showing that it can hydrolyze the substrates in an endolytic manner to release a series of oligosaccharides such as disaccharide, trisaccharide, and tetrasaccharide. This study provided extended insights into the substrate recognition and degrading pattern of the alginate lyases, with a broad substrate specificity.
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1. Introduction


Alginate is the major component of the cell wall of brown algae [1]. It is a linear anionic heteropolysaccharide comprising of two uronic acids, α-l-guluronic (G) and β-d-mannuronic acid (M) [2]. The G and M subunits are covalently linked by 1,4-glycosidic linkage in three different types of blocks, homopolymeric α-l-guluronic acid (polyG), homopolymeric β-d-mannuronic acid (polyM), and heteropolymeric α-l-guluronic acid-β-d-mannuronic acid (polyMG) [3]. Because of the high viscosity, gelling properties, and versatile activities, alginate has been widely applied in food, chemical, and pharmaceutical industries [4,5,6]. However, the applications of this polysaccharide are still limited, and are subjected to the high molecular weight and poor solubility [7]. Thus, alginate oligosaccharide (AOS) has attracted more and more attention, as it retains the physiological functions and activities of alginate, but possessed smaller molecule weights and good bioavailability [8]. Yang et al. found that AOS can enhance the uptake of LDL (Low-Density Lipoprotein) by regulating the expression of LDLR (Low-Density Lipoprotein Receptor) and PCSK9 (Proprotein Convertase Subtilisin/kexin Type 9) [9]. Iwamoto et al. found that G8 (octaguluronic acid) and M7 (heptamannuronic acid) can induce RAW264.7 cells to produce cytokine furthest [10]. The similar effect of mannuronate oligomers have also been reported by Yamamoto et al. [11].



Alginate lyase can catalyze the alginate by the β-elimination and release unsaturated AOS with double bonds between C4 and C5 [12]. So far, hundreds of alginate lyases have been found in marine and terrestrial bacteria, marine mollusks, and algae, according to the CAZy database [13,14,15,16,17,18,19]. According to the substrate specificities, they can be classified into three types, polyM-specific lyases (EC 4.2.2.3), polyG-specific lyases (EC 4.2.2.11), and bifunctional lyases (EC 4.2.2.) [20]. Additionally, based on the sequence similarity, the enzymes are generally grouped into seven PL (Polysaccharide Lyases) families (PL-5, -6, -7, -14, -15, -17, and -18) [21]. Furthermore, alginate lyases can be grouped into endolytic and exolytic alginate lyases in terms of the mode of action [22]. Endolytic enzymes can cleave the glycosidic bonds inside the alginate with unsaturated oligosaccharides as the main products [23], while the exolytic ones degrade alginate into monomers [24]. So far, many endolytic alginate lyases have been widely used to produce AOS in food and nutraceutical industries [25]. Furthermore, they have also been used to elucidate the fine structures of alginate, prepare protoplast of brown algae [26,27], and treat cystic fibrosis, combined with antibiotics [28]. So far, many alginate lyases originating from marine microorganisms have been identified, gene-cloned, purified, and well characterized. However, few have been commercially used because of the poor substrate specificity and low activity [29,30,31]. In addition, there are few reports about the bifunctional alginate lyase with broad substrate specificity. Thus, it will be of great importance to explore the novel enzymes with excellent characteristics, such as a high activity and broad substrate specificity.



In this work, a new bifunctional alginate lyase with a high activity and broad substrate specificity has been cloned from Isoptericola halotolerans NJ-05, followed by being identified and characterized. The enzymatic kinetics were further characterized and the degrading products were also analyzed, which suggested it a good candidate to expand the applications of alginate lyases in food and nutraceutical industries.




2. Results and Discussions


2.1. Screening and Identification of Strain NJ-05


According to the screening results by the plates and activity assay, the strain NJ-05 from the rotten brown algae obtained from the East China Sea showed the maximal activity of alginate lyase and then was identified for further investigation. The 16S rRNA sequence of the strain was then sequenced (GeneBank No. MH390700) and according to the phylogenetic analysis of the 16S rRNA sequence, the strain was assigned to the genus Isoptericola and named Isoptericola halotolerans NJ-05 (Figure 1).




2.2. Sequence Analysis of Alginate Lyase


The genome of Isoptericola halotolerans NJ-05 was firstly sequenced. After the annotation of the genomic information, several putative alginate lyase genes were found in a gene cluster for the alginate metabolism and the AlyA was identified as a putative alginate lyase by multiple sequences alignment. Then, the gene AlyA was cloned from the genome of Isoptericola halotolerans NJ-05 and sequenced (GeneBank No. MH390701). It can be observed that the open reading frame (ORF) consists of 771 bp, which encodes a putative alginate lyase with 256 amino acids, including a signal peptide with 32 amino acids (Supplementary Materials). According to the conserved domain analysis, AlyA possesses only a C-terminal catalytic domain consisting of 213 amino acids (Thr43-Glu255).



The sequence alignment of AlyA and other alginate lyases of the PL7 family are shown in Figure 2. It can be observed that AlyA shares the highest identity, of 79%, with alginate lyase (ACN56743.1) from Streptomyces sp. M3 [32] and exhibited an identity of 67% with alginate lyase (BAA83339.1) from Corynebacterium sp. ALY-1 [33]. Additionally, it also contains the conserved regions “PRT/V/SELRE”, “YFKA/VGN/VY”, and “QIH”, which are related to the substrate combination and catalytic activity (Figure 2). Thus, AlyA is a member of the PL7 family. Moreover, as the alginate lyases of PL7 family are further grouped into five families (1–5) according to the amino acid sequence homology, the phylogenetic tree was constructed by comparing the sequence homology of AlyA with the alginate lyases from a different subfamily to determine the subfamily of AlyA (Figure 3). It can be observed that the AlyA clusters represent the enzymes of subfamily 3, indicating that AlyA is the member of the subfamily 3 alginate lyases.




2.3. Expression and Purification of AlyA


For a better characterization, the recombinant protein was expressed by firstly inserting the AlyA gene into the pET-21a (+) vector, and then being purified by Ni-NTA(Ni- Nitrilotriacetic acid) column (The summary of purification was shown in Table S1). The molecular mass of the recombinant protein with (His)6-tag is calculated to be 25.32 kDa, which is smaller than two other bifunctional alginate lyases, the Aly-SJ02 of Pseudoalteromonas sp. SM0524 with a bigger molecular mass of 32 kDa [34] and the Aly202 of Alteromonas sp. No. 272 with a similar molecular mass of 33.9 kDa [35]. The recombinant AlyA was further purified by Ni-NTA Sepharose affinity chromatography and analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 4). A single band of purified AlyA was observed at the gel, and it can be further used for downstream biochemical characterization.




2.4. Substrate Specifity and Enzymatic Kinetics of the Enzyme


As shown in Table 1, AlyA possessed a broad substrate specificity, showing a higher activity towards sodium alginate (7984.82 U/mg) and polyG (8643.29 U/mg), and a lower activity towards polyM (7658.63 U/mg). Thus, it can be concluded that AlyA is a bifunctional alginate lyase. Compared with another bifunctional alginate lyase, Aly-SJ02, which displayed almost the same activity towards sodium alginate (4802.7 U/mg) and polyM (4153.8 U/mg), but lower activity towards polyG (3073.7 U/mg) [34], it exhibited a much higher activity to all three of the substrates. Similarly, alginate substrates with various MM (Manuronate-Manuronate) and GG (Guluronate- Guluronate) ratios were used to further confirm the substrate affinity and substrate specificity of FAly and SALy. FAly prefer to degrade polyM, as the initial rates towards polyM are almost double that towards polyG, while SALy performed slightly better on polyG than on polyM [36].



The enzymatic kinetics of AlyA towards sodium alginate, polyM, and polyG were also studied according to the hyperbolic regression analysis. As shown in Table 1, the Km values of AlyA towards sodium alginate, polyM, and polyG were 5.6 mM, 6.7 mM, and 3.2 mM, respectively. Thus, it has higher affinity towards sodium alginate and polyG than that to polyM. The kcat/Km values of AlyA towards sodium alginate (8.20 mM−1∙s−1), polyG (7.56 mM−1∙s−1), and polyM (4.02 mM−1·s−1) were also calculated, indicating that the enzyme exhibited a higher catalytic efficiency towards sodium alginate and polyG than to polyM. Therefore, AlyA prefers the G block or MG block to the M block as the fit substrate, which is consistent with the substrate specificity of AlyA. It can be reasonable, as the conserved residue “I” in AlyA can recognize the polyG block or MG blocks [20]. As to the calculation of the kinetics data, the Km and Vmax values of some alginate lyases were determined by double-reciprocal plots of Lineweaver and Burk. For instance, Algb from Vibrio sp. W13 showed lower Km values toward alginate (0.67 mg/mL) polyG (1.04 mg/mL) than that to polyG (6.90 mg/mL) [17], and Alg-S5 from Exiguobacterium sp. Alg-S5 exhibited a high affinity towards the alginate with a lower Km value of 0.91 mg/mL [37]. To conveniently calculate the kcat and kcat/Km values, we referred the calculation method in the literature [38], and described the details of the calculation of the molar concentration and molecular weight in our recent publications [23,30,39,40,41].




2.5. Biochemical Characterization of AlyA


AlyA was further characterized biochemically. The optimal pH for the enzyme activity was 7.5 and retained more than 60% activity after being incubated at a broad pH range of pH 5.5–9.0 for 24 h (Figure 5A). Additionally, the enzyme was mostly stable at pH 7.0. As previously reported, the alginate lyases of the PL7 family were active at a neutral pH. The Alg7D from Saccharophagus degradans, AlgNJ-04 from Vibrio sp. NJ-04, FsAlgA from Flammeovirga sp. NJ-04, and AlyA1 from Zobellia galactanivorans all showed their maximal activity at pH 7.0 [13,39,41,42]. However, they usually show a high activity in a narrow pH range, and exhibit instability under alkaline conditions. For instance, the AlySJ-02 from Pseudoalteromonas sp. SM0524 exhibited its maximal activity at pH 8.0 and retained its stability between pH 7.0–9.0 [34]. The AlyIH from Isoptericola halotolerans CGMCC5336 showed the highest activity at pH 7.0 and was stable at pH 7.0–8.0 [43]. Similarly, the A9m from Vibrio sp. A9mT exhibited its maximal activity at pH 7.5 and could maintain its stability between pH 7.0–9.0 [44].



AlyA showed maximum activity at 55 °C and was stable below 40 °C (Figure 5B). This enzyme possessed an approximately 80% activity after incubation at 40 °C for 30 min, and was gradually inactivated as the temperature increased. Similarly, most of the characterized enzymes of the PL7 family showing maximal activity around 30–40 °C (Table 2). For example, the AlgNJ-04 from Vibrio sp. NJ-04 [39] and AlgNJU-03 from Vibrio sp. NJU-03 [40] both possessed the optimal temperature of 40 °C. AlgC-PL7 from Cobetia sp. NAP1, OalY1 from Halomonas sp. QY114, and an alginate lyase from an unknown marine bacterium showed their maximal temperature at 45 °C [45,46,47]. Remarkably, Aly-SJ02 from Pseudoalteromonas sp. SM0524, FsAlgA from Flammeovirga sp. NJ-04, Alg7D from Saccharophagus degradans, AlgMsp from Microbulbifer sp. 6532A, and OalY2 from Halomonas sp. QY114 all had a higher optimal temperature of 50 °C [34,41,47]. Therefore, the AlyA possessed a great potential for industrial applications, due to the higher optimal temperature.



The thermal stability of AlyA were further investigated by thermal-induction, as shown in Figure 6. The enzyme could retain almost 80% of its maximal activity after been incubated at 35 °C for 60 min. Similarly, the OalY1 and OalY2 from Halomonas sp. QY114 retained about 80% of the initial activities after incubation at 30 °C for 1 h [47]. While the AlgC-PL7 maintained approximately 80% of it activity at 70 °C [45]. As with the alginate lyase from the unknown marine bacterium, its activity remained without a noticeable loss up to 70 °C, with a monotonic decrease beyond this temperature [46].



The effect of metal ions on the activity of AlyA is shown in Table 3. It can be observed that Na+, Mg2+, and Ca2+ could greatly enhance the activity of the enzyme, while some divalent ions, such as Co2+, Cu2+, and Fe3+, inhibited the activity. Similarly, Ca2+ can activate AlyA from Pseudomonas sp. E03 [48], the AlyA from Azotobacter chroococcum 4A1M [49], and ALYII from Pseudomonas sp. OS-ALG-9 [50], as it could enhance the substrate-binding ability of the enzyme.



The sequence alignment of AlyA and AlyPG from Corynebacterium sp. ALY-1 was constructed by CLSTALW (http://www.clustal.org/) (as shown in Figure 7A). The three-dimensional model of the AlyA was constructed based on the homologues structure of the alginate lyase, AlyPG, of Corynebacterium sp. ALY-1 (PDB ID: 1UAI), using PHYRE2 (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index). As shown in Figure 7C, the overall structure of the AlyA was predicted to fold as a β-sandwich jelly roll formed, using two anti-parallel β sheets. The outer convex sheet includes five β-strands, and the inner concave sheet contains seven β-strands forming a groove that harbors the catalytic active site. In order to identify the key residues for substrate recognition, the structural alignment of AlyA and AlyPG was analyzed (Figure 7C). The two enzymes share a similar structure, and the residues Q159, H161, and R119 essential for substrate reorganization form hydrogen bonds with the carboxyl groups in subsites +1, +2, and +3, respectively (Figure 7A,D).



The ESI-MS analysis of the degradation products is shown in Figure 8; disaccharides, trisaccharides, and tetrasaccharides account for a major fraction of the hydrolysates of two kinds of substrates. Thus, AlyA can be a potential tool to produce oligosaccharides with lower Dps by hydrolyzing sodium alginate. So far, most of the characterized alginate lyases of the PL7 family are endolytic enzymes, which can release oligosaccharides with a low Dp of 2–5 as the main products. Interestingly, AlyA5 from Zobellia galactanivorans can release disaccharides in an exolytic manner [42].





3. Materials and Methods


3.1. Materials


Sodium alginate derived from brown seaweed was purchased from Sigma (St. Louis, MO, USA, M/G ratio: 77/23). PolyM (purity: about 99%) and polyG (purity: about 99%) were purchased from Qingdao BZ Oligo Biotech Co., Ltd. (Qingdao, China). Other chemicals and reagents used in this study were of analytical grade.




3.2. Screening and Identification of Strain NJ-05


The decaying seaweed samples were collected from the coast of the East China Sea (123°11’ E, 25°10’ N), washed by sterilized sea water, and then spread on sodium alginate-agar plates (modified marine broth 2216 medium containing 5 g/L (NH4)2SO4, 19.45 g/L NaCl, 12.6 g/L MgCl2·6H2O, 6.64 g/L MgSO4·7H2O, 0.55 g/L KCl, 0.16 g/L NaHCO3, 1 g/L ferric citrate, 15 g/L agar, and 10 g/L sodium alginate). The strains with ability to produce alginate lyase were screened according to the procedures previously reported [30]. Furthermore, the activity of alginate lyase was determined by 3, 5-dinitrosalicylic acid (DNS) colorimetry [51]. Among the isolates, the most active strain NJ-05 was selected and identified for further studies by the alignment of the 16S rRNA sequence. A phylogenetic tree was constructed using CLUSTAL X (http://www.clustal.org/) and MEGA 6.0 (https://www.megasoftware.net/) through the neighbor-joining method.




3.3. Cloning, Expression, and Purification of the Alginate Lyase


The strain Isoptericola halotolerans NJ-05 was genome-sequenced and its genomic information was analyzed. Alginate utilization loci has been found and there are three putative alginate lyases within the cluster. Therefore, the primers for cloning AlyA were designed on the basis of the sequence of the putative alginate lyase gene sequence (No.chr_1816) within the genome of Isoptericola halotolerans NJ-05. The AlyA gene was amplified with primers designed as follows: the forward primer, 5′-ATGCGCCTGCATCGCAAAC-3′, and the reverse primer, 5′-GCTATGTTTCACCTGCAGTT-3′, from the genomic DNA of Isoptericola halotolerans NJ-05.



The alginate lyase gene was then subcloned into the pET-21a (+) expression vector for heterologously expression with restriction sites of NdeI and XhoI. The recombinant E. coli BL21 (DE3) harboring the pET-21a (+)/AlyA was cultured in an LB medium (containing 100 μg ampicillin/mL) for 2–3 h with shaking at 200 rpm and 37 °C up to an OD600 of 0.4–0.6. The cells were induced by adding 0.1 mM IPTG and then cultured at 20 °C for 30 h. The AlyA was purified by an NTA-column, as previously described [44]. The active fraction was collected, desalted, and then analyzed by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).




3.4. Enzyme Activity Assay


The assay including the purified enzyme (0.1 mL, 1.78 mg/mL) and 0.9 mL Tris-HCl (20 mM, pH 8.0, 1% sodium alginate) was then incubated at 40 °C for 10 min, as previously described [30]. The reaction was stopped by heating in boiling water for 10 min. The enzyme activity was then assayed by measuring the increased absorbance at 235 nm, and the enzymatic activity (one unit) was defined as the amount of enzyme required to increase the absorbance at 235 nm by 0.01 per min [38].




3.5. Substrate Specificity and Kinetic Measurement of Alginate Lyase


The assays of the enzyme activity for sodium alginate, polyM, and polyG were defined as described previously for investigating the substrate specificity. The kinetic parameters of the purified enzyme toward different substrates, including sodium alginate, polyM, and polyG, were determined by measuring the enzyme activity with substrates at different concentrations (0.1–8.0 mg/mL). The concentrations of the different substrates was calculated according to the method previously described [38]. As alginate consists of random combinations of mannuronic acid and guluronic acid residues with the same molecular weight (MW), substrate molarity can be calculated using the MW of 176 g/mol for each monomer of uronic acid in the polymer (i.e., 194 g/mol monomer MW − 18 g/mol for the loss of H2O during polymerization). The concentrations of the product were determined from the increase in absorbance at 235 nm using the extinction coefficient of 6150 M−1 cm−1. The velocity (V) at the tested substrate concentration was calculated as follows: V (mol/s) = (milliAU/min × min/60 s × AU/1000 milli AU × 1 cm)/(6150 M−1 cm−1) × (2 × 10−4 L). In addition, the Km and Vmax values were calculated by hyperbolic regression analysis, as described previously [38]. Additionally, the turnover number (kcat) of the enzyme was calculated by the ration of Vmax versus the enzyme concentration ([E]).




3.6. Biochemical Characterization of AlyA


The effects of temperatures (25–70 °C) on the purified enzyme were investigated at pH 9.0. The thermal stability of the enzyme was determined at pH 7.5 under the assay conditions described previously after incubating the purified enzyme at 25–70 °C for 30 min. In addition, the thermally-induced denaturation was also investigated by incubating the enzyme at 30–50 °C for 0–60 min at pH 7.5. Moreover, the effects of pH on the enzyme activity were evaluated by incubating the purified enzyme in buffers with different pHs (5.0–10.0) at 40 °C under the assay conditions described previously. The pH stability depended on the residual activity after the enzyme was incubated in buffers with different pHs (5.0–10.0) for 24 h, and then the residual activity was determined at 40 °C under the assay conditions. Meanwhile, the buffers with different pHs were used for phosphate–citrate (pH 5.0), NaH2PO4–Na2HPO4 (pH 6.0–8.0), Tris–HCl (pH 7.0–9.0), and glycine–NaOH (pH 10.0).



The influence of metal ions on the activity was performed by incubating the purified enzyme with various metal compounds at a concentration of 1 mM at 4 °C for 24 h. Then, the activity was measured under standard test conditions. The reaction mixture without any metal ion was taken as the control.




3.7. Molecular Modeling and Structural Alignment


The three-dimensional structure of AlyA was constructed using Protein Homology/analogY Recognition Engine V 2.0 (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index), on the basis of the homologues of the known structure (alginate lyase AlyA of Corynebacterium sp. ALY-1 (PDB ID: 1UAI) [52]. PyMOL (http://www.pymol.org) was used to visualize and analyze the modeled structure and to construct graphical presentations and illustrative figures.




3.8. ESI-MS Analysis of the Degradation Products of AlyA


For investigating the degradation pattern of AlyA, the reaction mixtures (800 μL) with pH 7.5 containing 1 μg purified enzyme and 2 mg substrates (polyG and polyM, the average Dp of the two substrates are about 40) were incubated at 30 °C for 0–48 h. After incubation, the mixture solutions were boiled for 10 min and then centrifuged at 12,000 rpm for 10 min to remove the unsolved materials. The hydrolysates were loaded onto a carbograph column (Alltech, Grace Davison Discovery Sciences, United Kingdom) to remove the salts after removing the proteins, and then concentrated, dried, and re-dissolved in 1 mL methanol. The supernatant (2 μL) was loop-injected to an LTQ XL linear ion trap mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) after centrifugation, to further determine the composition of the products. The oligosaccharides were detected in a negative-ion mode using the following settings, previously described, with the scanning mass range 150–2000 m/z [30].





4. Conclusions


In this work, an alginate lyase-producing bacterium was isolated and identified to be Isoptericola halotolerans NJ-05. A novel bifunctional alginate lyase, AlyA, with high activity and broad substrate specificity was cloned and characterized. It exhibited the highest activity (7984.82 U/mg) at pH 7.5 and 55 °C. Additionally, it possessed broad substrate specificity, showing high activities towards not only polyM but also polyG. Furthermore, the Km value of AlyA towards polyG (3.2 mM) was lower than that towards sodium alginate (5.6 mM) and polyM (6.7 mM). The TLC and ESI-MS analyses indicated that it can hydrolyze the substrates in an endolytic manner to release a series of oligosaccharides such as disaccharide, trisaccharide, and tetrasaccharide. This study provided extended insights into the substrate recognition and degrading pattern of alginate lyases with broad substrate specificity.
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Figure 1. The phylogenetic analysis of strain NJ-05 and other similar strains. The phylogenetic tree was constructed by MEGA 6.0 (https://www.megasoftware.net/), based on the 16S rRNA gene sequences of strain NJ-05 and other known species. 
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Figure 2. Multiple sequences alignments of alginate lyase (AlyA) and related alginate lyases of the PL7 family. The conserved regions and identical residues were highlighted with bands and red star, respectively. 
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Figure 3. Phylogenetic analysis of AlyA and other alginate lyases of PL7. The phylogenetic tree was generated by the neighbor-joining method using MEGA 6.0 software (https://www.megasoftware.net/). The species names are indicated along with the accession number of the corresponding alginate lyase sequence. Bootstrap values of 1000 trials are presented in the branching points. The scale bar indicating ten nucleotide substitutions per 100 nucleotides is indicated at the bottom. The alginate lyases of subfamily 1, 3, and 5 were marked with a blue hexagon, red pentacles, and green triangles, respectively. 
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Figure 4. The sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis of purified alginate lyase, AlyA. Lane M—the protein molecular weight standard; lane 1—the purified AlyA. 
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Figure 5. The biochemical characteristics of AlyA. (A) The optimal pH and the pH stability of AlyA. (B) The optimal temperature and the thermal stability of AlyA. The assay was then incubated at 40 °C for 10 min. Each value represents the mean of three replicates ± standard deviation. 
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Figure 6. The thermal degeneration curve of AlyA. The maximal activity of the treated enzyme was regarded as 100% and the other relative activity was determined. Each value represents the mean of three replicates ± standard deviation. 
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Figure 7. (A) The sequence alignment of AlyA and AlyPG from Corynebacterium sp. ALY-1, (B) the modeling structure of AlyA, (C) the structural comparison of AlyA (marked with red) and AlyPG (marked with blue) from Corynebacterium sp. ALY-1 (PDB ID: 1UAI), and (D) the key residuals for substrate reorganization of AlyA. 
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Figure 8. ESI-MS analysis of the degradation products of AlyA with (A) polyM and (B) polyG as substrate. The reaction mixtures (800 μL) containing 1 μg purified enzyme and 2 mg substrates (polyG and polyM) were incubated at 30 °C for 48 h. 
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Table 1. The substrate specificity and enzymatic kinetics of alginate lyase (AlyA) towards various substrates.
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	Parameters
	Sodium Alginate
	PolyG
	PolyM





	Specific activity (U/mg)
	7984.82
	8643.29
	7658.63



	Km (mM)
	5.6
	3.2
	6.7



	Vmax (nmol/s)
	3.22
	1.74
	1.89



	kcat (s−1)
	45.92
	24.82
	26.95



	kcat/Km (s−1·mM−1)
	8.20
	7.56
	4.02
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Table 2. Comparison of biochemical properties of AlyA and partial enzymes of PL7 family.
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	Enzyme
	Specificity
	Km, Vmax
	Optimal Temperature and pH
	Products (Dp)
	Reference





	AlyA
	Bifunctional
	5.6 mM, 3.22 nmol/s
	55 °C, 7.5
	2–5
	This study



	Algb
	polyG > polyM
	0.67 mg/mL, 473.93 U/mg
	30 °C, 8.0
	2–5
	[17]



	FsAlgA
	polyG > polyM
	0.48 mM, 0.19 nmol/s
	50 °C, 7.0
	2–5
	[41]



	Alg7D
	polyM > polyG
	3.0 mg/mL, 6.2 U/mg
	50 °C, 7.0
	2–5
	[13]



	AlgMsp
	polyG > polyM
	3.4 mM, 57 pmol/s
	50 °C, 8.0
	2–5
	[38]



	AlgNJ-04
	polyG > polyM
	0.49 mM, 72 pmol/s
	40 °C, 7.0
	2–5
	[41]



	AlgNJU-03
	polyG > polyM
	8.5 mM, 1.67 nmol/s
	30 °C, 7.0
	2–4
	[40]



	AlgC-PL7
	Bifunctional
	-
	55 °C, 8.0
	1
	[45]



	A9m
	polyG > polyM
	-
	30 °C, 7.5
	-
	[44]
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Table 3. The effect of metal ions on activity of AlyA.
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	Reagent
	Relative Activity (%)





	Control
	100 ± 0.5



	Na+(100 mM)
	126 ± 2.2



	Na+(300 mM)
	180 ± 3.1



	Na+(500 mM)
	203 ± 4.6



	Na+(700 mM)
	136 ± 2.9



	Na+(900 mM)
	89 ± 7.9



	Zn2+
	91 ± 2.3



	Cu2+
	65 ± 3.2



	Mn2+
	94 ± 2.1



	Co2+
	75 ± 3.4



	Ca2+
	174 ± 1.3



	Ca2+(10 mM)
	135 ± 5.7



	Fe3+
	88 ± 2.1



	Mg2+
	168 ± 2.7



	Mg2+(10 mM)
	119 ± 2.9



	Mg2+(50 mM)
	101 ± 3.2



	Ni2+
	87 ± 1.5











© 2018 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/).






media/file13.jpg





media/file4.png
(1) 1 10 20 ; : 122

i i — e ————n
AAP45155.1 (1) MKTSWEIDKVCSPEVLQIIEMENYQQ 0 SVNGEEF
ABS59291.1 (1) SKCTGVG
ACN56743.1 (1) SKCTGVC
AlA (1) VNSKCTGEC
BAA83339.1 (1) VNBKCTGVC
Consensus (1) MTLTRKR IA T VAA IALAALLIGL GTATAAEPCDYPAQQLNLTNWKVTLPTGSSGSPTE IKQPAL TESSAPWETVNSKCTGVC
(121) 121 90 210 220 230 242

AAP45155.1(121) E
ABS59291.1 (89) V@
ACN56743.1 (89) VO
AlyA (86) EQ
BAA83339.1 (86) VQ — S
Consensus(121) VQFRAAVNA  VTTSNS D GTE KASWSATSGTHTMTFREAEN LE
(220) 220 230 240 250 260 270 280 290
AAP45155.1(220) VRVVLNDSFLPGNKMCSDCQPFSVNLGVAPANLDWDYTIRLDEQGEYLSTLENDELS PWGIETECRD
ABS59291.1(168) ITKGONTHHKLVTSNYQLNTVFEGKEVVSGGQIKVYYNGVLQTT
ACN56743.1(169) ITKGDDTHHKLVTSNYQLHTVFEGKEVVSGGQIKVYYNGVLQTTI
AlyA(166) NLY ITKGNDTHHKLVTSNY KLHQV
BAA83339.1(166) ITKGDDTHHKLVTSDYKLNTV
Consensus(220) SLYITKGDDTHHKLVTSNY LNTVFEGKFVVSGG IKVYYNGVLQTT

m i tnin’





nav.xhtml


  marinedrugs-16-00258


  
    		
      marinedrugs-16-00258
    


  




  





media/file16.png
el 100.00%
42 [»DP4-H}
337:- 75.86% 7031358
23251 [~DP3-HF

3: 527.0995

it 18.96% 17.24%
m;. - 260.0844 [A DPZ—H]’ 4350838
5. 3510639

sl T e o b L

[~DP6-H+H,0}
plirEyl: g

. 100.00%

: [4DP3-H}

61 s 88.46%

144 [~DP4-H]

124 e 50.00%
1 1R8377 5151175 [~DP5-H}

- - 19.23% L e 19.23%
051 : [~DP2-H} — [2DP6-H]J

%iﬁl N .M.um DT die ot o My b T

ssbilaaiidian i ; .
mmmmmmmmmmmmmmmmmmmwmm1'msow:'ﬁ
Counts vs. Mass-to-Charge (miz)






media/file2.png
44 MG456896.1 Isoptericola halotolerans strain 103-Na4

46 KM186618.1 Isoptericola halotolerans strain XJB-YJ12-1
KR476430.1 Isoptericola halotolerans strain TGT-T12

—  99YKF876860.1 Isoptericola halotolerans strain YI-R33

100 _| Strain NJ-05

96! AB489222.1 Isoptericola halotolerans NBRC 104116
_| AY297773.1 Cellulomonadaceae bactertum 10001
§0 K(C355270.1 Isoptericola dokdonensis strain KUDC1763

JQ659841.1 Isoptericola variabilis strain R6-407

[T223582.1 Isoptericola variabilis Marseille-AA00266

99

| NR 024956.1 Xvlanimicrobium pachnodae strain VPCX2
81 NR 028828.1 Xvianimonas cellulosilytica strain XIL07
10— NR 146662.1 Cellulosimicrobium marinum strain RS-7-4

94

I EU287931.2 Cellulosimicrobium cellulans F16
AB562469.1 Promicromonospora flava strain: old-30-4s-2-2

0.005

100 NR 156060.1 Krasilnikoviella muralis strain T6220-5-2b
88‘ NR 115102.2 Promicromonospora flava strain CC 0387

100" AM992980.1 Promicromonospora flava strain CC 0387T





media/file5.jpg
e ABSS6291.1 aignteyaseprcursr Stoptomyces sp. LGS K-
22 56743 1 agnateyase Srptomcs s, 32000k

T Lanpar162.1 e hase potst Svepiomes sp METOS1S k-
433530, poyulronsteyase Conmasociorim 35 ALY-1 k.

aa

R o T
L g

o4 1 ey Asaecter v o0
00352 1 gt o Spnngrons
24166501 st hase onomonts 10 AT
[ CAz8523 1 g yane iy P Zobots gt K
A5 apnte o Vot QVIGH
e G
5 EApatez1. 1 yase st viro st 12801
[ AE8870.1 sk st s Aguvoran . L11

= crrinn s e somm st v s 51 A

Jrisandioomiinamiprentmiery
L Chrmias  asne st e Vi sorn 12001 A
[ BAO7035 1 st s Agomorans 35 AAATT A,

e ACBO4 1 gt e Fasscanromanos s €24 A

espoiczz | v s yse Vo s 12601 A
e AA5045 1 st ye Kbt prcrion

[ Aot some ase s termd.
] Aostast 1 Az v L11A

L AaDs1007.1 st eyt Succhrcptaes doracans 140 A

L Gaa0as e yae rooubtr 5. 6550

AE005T6 1 st v Feconcre 5 20

71705601 ot s i . MDY

o[ AoB3ETT2 1 sgnat hase AyvoB Ve .02

BAR66299.1 conserved hypoihetca proten Niraiupior sp. SB155:2

el
T e

e et

S e

(CAZE8268.1 Akinate yas amy LT Zobodi gaiactaniorans A






media/file3.jpg





media/file1.jpg
44 MGA456896.1 Isoptericola halotolerans strain 103-Nad.
wd—KM186615.1 Isoprericola halotolerans stain XJB-Y112.
KR476430.1 Isoptericola halotolerans strain TGT-T12
SIKF876860.1 Isoptericola halotolerans stain Y1-R33
Strain N0
4 AB489222.1 Isoptericola halotolerans NBRC 104116
L[ Avoomm. Cotmonadacs bt 1001
E KC355270.1 Isoptericola dokdonensis szain KUDC1763
JQG59841.1 Isopiericola variabili sirain R6-407
LT223582.1 Isoptericola variabilis Marseille-AA00266

NR 024956.1 Xylanimicrobium pachnodae strain VPCX2
E NR 028828.1 Xylanimonas cellulosilytica strain XILOT

Jog—— NR 146662, Callosmcrobim marinim st RS-1-4
EU287931.2 Cellulosimicrobium cellulans F16

[ ABSG2469.1 Promicromonospora flava strain: old-30-4s-2-2

Do0s

T [NR 156060.1 Krasilnikoviella muralis steain T6220-5-2b
xil NR 115102.2 Promicromonospora flava strain CC 0387

199 AM992980.1 Promicromonospora flava strain CC 0387





media/file7.jpg
80 kDa

60 kDa

40 kDa

30 kDa

20 kDa

10 kDa

=0t





media/file10.png
A 100-:

Relative activity (%)

—=— Optimal pH
—&— pH stability

90 -
804
70
60-
50
40 -
30
20-
10—
455.05560657.07580 85 9.0 9.510.010.5
pH

B 100

Relative activity (%)

90
80 -
70 -
60 4
50 -
40 -
30 4
20 -
10 4

—a— Optimal temperature
- |—®— Temperature stability

O'I'I'l'l'l'l'l'l'l'l'l
20 25 30 35 40 45 50 55 6O 65 70 75

Temperature(® C)





media/file12.png
Relative activity(%)

100 -

N B (o)} Qo
o o o o
l L l A . L l L

o
L

o

5 10 15 20 25 30 35 40 45 50 55 60 65
Time(min)





media/file9.jpg
>
B

Relaive activty (%)

.
s
S
S
S
w
S
»

Relative actiity (%) 0
03888883888

X

]

55358065 707540 85303515505

pH

B

T 5 f0 5 %0 % %0 & W0 75
Temperature(* C)





media/file0.png





media/file14.png
A

Nl B1
Alya 200 TT ) —
1 10 20 30 40 59 60
MYA FIREKEIGLE b L T A GIMIGS AAEPCDYPAQQ DLTDWEVTLPNNG S P
10AI NLPWREKBGL T L SM GSG AARPCDYPAQODLTDWEVTLPMG SEIGAP
?
B2 n2 p3 p4 s pé

AlyA == 0000  TTTemsppr TT T T TT ———

7? 8? 99 109 119 12?
AJ.YA T QP‘LE SAHAPWFQVNEEKCTGCGHOFRAAVMGCVTITSGCGSGYPRSELREMTDGG W
1UAI = QPREIL IWAPWFOVNRAKECTGUOFRAAVRGVTTSGCSGYPRSELREMTDGGI S

1
87 B Bo B10 B11

AlyA > > T T »TT

130 140 150 160 170 180
AlyA S TSGTHTM NHLPEKPHEVQIHDGDDDVTVFRHEGLYITKG DTHHEKLV
1UAI TSGTHTM NHLPEGEKEPHRVEINQIHDGDDDVTVFRMECWEILY ITEKEGMDTHHELV

B12 p13 p14 1S

19? 20? 21? 22? 239 24?
AlyA YELLGIMVFEGEFVVSHGIHIEKEVYYNGVLOTTIRHENdSCNYFEAGAYTQANCENSSPCSS
1UAI WY KLRNNWVFEGEKEFVVSEGIIKVYYNGVLOTTIEHWE]|SCGNYFEAGAYTOQANCENSSPCSS

2> 2>

B16

AlyA T >

250

AR W SNYGQORRIL YKLQVIQH S
LY SNYGOQEBIL YK LOVIYH S






media/file8.png
80 kDa

60 kDa

40 kDa

30 kDa

20 kDa

10 kDa

=4 0





media/file11.jpg
Relative activity(%)

-3
<

@
t=1

N
I=)

N
o

=}

o

5 10 15 20 25 30 35 40 45 50 55 60 65
Time(min)





media/file6.png
&5 [ ABS59291.1 alginate lyase precursor Streptomyces sp. ALGS*

) 100 ! ACNSE743.1 alginate lyase Streptomyces sp. M3(2009)*
54 AAP4T162.1 alginate lyase partial Streptomyces sp. MET0515
— BAAB3339.1 polyguluronate lyase Corynebacterium sp. ALY-1*

LA
IvA
AAGO4556.1 hypothetical protein PA1167 Pseudomonas aeruginosa PAQ1 {
ACOT8583.1 alginate lyase Azofobacter vinelandii DJ .
ACO79344.1 alginate lyase Azotobacter vinelandii DJ @

BAB03312.1 alginate lyase Sphingomonas sp.

BAD16656.1 alginate lyase Sphingomonas sp. Al
CAZS5238.1 Alginate lyase family PL7 Zobellia gafacfam’varans*

AAP45155.1 alginate lyase Vibrio sp. QY101

ILA)

AlY22661.1 alginate lyase partial Vibrio sp. W13
EAPS4521.1 lyase putative Vibrio splendidus 12B01

99

AlYEBE70.1 alkaline alginate lyase Agarivorans sp. L11
EAPS4396.1 putative alginate lyase Vibrio splendidus 12B01 ‘.
AAF22512.1 alginate lyase AlyWGI Vibrio halioticoli ‘

EAPS4525.1 putative alginate lyase Vibrio splendidus 12801 .‘
BAGT0358.1 alginate lyase Agarivorans sp. JAM-A1m

ACME8454.1 alginate lyase Pseudoalteromonas sp. CY24A
EAPS4522.1 putative alginate lyase Vibrio splendidus 12B01 A

AAAZ5049.1 alginate lyase Klebsiella pneumoniae
AEOS0363.1 alginate lyase uncultured bacterium A
AJOEB1885.1 AlyL2 Agarivorans sp. L11

ABDB1807.1 putative alginate lyase Saccharophagus degradans 2-40 ‘

BAJE2034.1 alginate lyase Microbuibifer sp. 6532A

| AEBE9TE3.1 alginate lyase Flavobacterium sp. S20
100! BAPOS660.1 alginate lyase Flavobacterium sp. UMI-01

ABB36772.1 alginate lyase AlyVOB Vibrio sp. O2
69299.1 conserved hypothetical protein Nitratiruptor sp. SB155-2

66
| [ BAF
B BAHTS9131.1 alginate Iyase Vibrio sp. ASm
95 ABB36771.1 alginate lyase AlyWVOA Vibrio sp. O2
99 = CAA49630.1 alginate poly(ManA) lyase Photobacterium sp. ATCC 43367
CO77598.1 Alginate lyase Azotobacter vinelandii DJ

CAZIB8266.1 Alginate lyase family PL7 Zobellia galactanivorans A





media/file15.jpg





