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Abstract

:

Laccases are multicopper-oxidases with variety of biotechnological applications. While predominantly used, fungal laccases have limitations such as narrow pH and temperature range and their production via heterologous protein expression is more complex due to posttranslational modifications. In comparison, bacterial enzymes, including laccases, usually possess higher thermal and pH stability, and are more suitable for expression and genetic manipulations in bacterial expression hosts. Therefore, the aim of this study was to identify, recombinantly express, and characterize novel laccases from Pseudomonas spp. A combination of approaches including DNA sequence analysis, N-terminal protein sequencing, and genome sequencing data analysis for laccase amplification, cloning, and overexpression have been used. Four active recombinant laccases were obtained, one each from P. putida KT2440 and P. putida CA-3, and two from P. putida F6. The new laccases exhibited broad temperature and pH range and high thermal stability, as well as the potential to degrade selection of synthetic textile dyes. The best performing laccase was CopA from P. putida F6 which degraded five out of seven tested dyes, including Amido Black 10B, Brom Cresol Purple, Evans Blue, Reactive Black 5, and Remazol Brilliant Blue. This work highlighted species of Pseudomonas genus as still being good sources of biocatalytically relevant enzymes.
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1. Introduction


Laccases are blue multicopper enzymes (EC 1.10.3.2) that oxidize a broad range of both phenolic and non-phenolic substrates, via a four-electron reduction of molecular oxygen to water [1,2]. These enzymes are widely distributed in nature and have been isolated from bacteria [3,4,5], fungi [6,7] and plants [8,9], as well as from lichens [10], and sponges [11]. Although laccases are heterogeneous in different species, implying diversity in their function, four copper-binding motifs are conserved in the most laccases, especially bacterial forms [12]. The presence of different metal ions can affect laccase activity, either inducing or suppressing it. Metal ions such as Cu+2, Ca+2, Ni+2, Co+2, and Mn+2 are generally known to accelerate laccase activity at a remarkable level [13].



Due to broad substrate spectrum, laccases have become very attractive for a variety of biotechnological and industrial applications such as organic synthesis; lignin degradation; and bio-product formation for the food, textile, and pharmaceutical industries; remediation of contaminated environments; as well as construction of biosensors and biofuel cells [14,15,16]. During the last decade laccases have been used in decolorization and detoxification of textile effluents [17]. Effluents from the textile industry are usually complex, containing a wide variety of synthetic dyes [18], among which the most common are azo dyes, anthraquinone, triphenylmethane, and indigo dyes [19].



In the recent years, development of high-performance recombinant bacterial strains and the possibility of increasing the production of recombinant proteins created new opportunities for the commercial use of laccases, since the production from wild type strains has limitations in growth and product yield, which are not suitable for standard industrial fermentations [20]. The majority of studies on laccases are focused on laccases originated from fungi. Having in mind that industrial processes often require high temperature and pressure, or extremely acidic or alkaline pH, fungal laccases are not the best candidates for such industrial applications since they operate in a temperature range from 30 °C to 55 °C and a slightly acidic pH range [2,21]. In addition, their heterologous expression is hindered by post-translational modifications [22], making their production cost-ineffective. Consequently, bacterial laccases are increasingly being sought for use in the industry due to the advantage of higher growth rates and better suitability for improvement of enzyme activity and expression level [23,24].



A number of bacterial laccases have been identified, heterologously expressed and studied at the molecular level. The first and the most studied bacterial laccase is CotA from Bacillus subtilis [25], followed by laccases from B. coagulans, B. clausii [26], and B. licheniformis [3]. The other significant group of bacterial laccases are from Streptomyces species, e.g., S. coelicolor [27], S. cyaneus [28], S. bikiniensis [29], and S. ipomoea [30].



Laccases from Pseudomonas species are mostly identified and purified from wild type producer strains [31,32,33] and until now, only one laccase from P. putida KT2440 was heterologously expressed and characterized [5]. Having in mind the importance of Pseudomonas strains, as a biotechnological platform for various industrial applications [34,35], as well as wealth and applicability of other enzymes from Pseudomonas species in biocatalysis, we set out to identify, recombinantly express, and characterize novel laccases from a number of Pseudomonas species, and assess their ability to degrade synthetic dyes widely used in textile industry.




2. Results and Discussion


2.1. Screening for Laccase Activity Using Guaiacol Agar Plates and ABTS Assay


Seven different Pseudomonas strains (P. putida F6, P. putida KT2440, P. putida CA-3, P. putida mt-2, P. putida S12, P. chlororaphis B561 and P. aeruginosa PAO1) from our laboratory collection were tested for laccase-like activity on agar plates containing standard laccase substrates guaiacol or syringaldazine 0.01% (w/v) and the development of dark colors due to the oxidation of these substrates was monitored [36]. In addition, supernatants and cell-free extracts of these strains previously grown in mineral MSM liquid medium supplemented with 5 mM phenylacetic acid to induce expression of enzymes from the aerobic catabolism of aromatic compounds [37] were tested in the ABTS assay (Section 3.4). Significantly higher enzyme activities were detected in the cell-free extracts than in supernatants of all tested Pseudomonas sp. cultures (data not shown), indicating the intracellular location of these enzymes, which is in line with previous literature reports on intracellular bacterial laccases [38,39].



Based on the fast reddish-brown color formation, indicating oxidation of guaiacol (Figure 1A), as well as the best activity of cell-free extracts in ABTS assay (Figure 1B), three strains, namely P. putida F6, P. putida KT2440, and P. putida CA-3, were chosen for further study. Notably, cell-free extracts of P. putida F6 exhibited two times higher laccase activity (ABTS assay) compared to cell free extracts from P. putida KT2440 and P. putida CA-3, respectively, which showed a similar activity level (Figure 1B).




2.2. Primer Design Based on UniProt Data Analysis


Based on data from UniProt database 15 laccase and laccase-like multicopper oxidase (MCO) protein sequences from Pseudomonas strains were aligned using ClustalΩ tool (https://www.ebi.ac.uk/Tools/msa/clustalo/) and degenerate primers were designed (Table 1). Genes coding for enzymes with laccase activity from P. putida KT2440 and P. putida CA-3 were successfully amplified using designed primers and identified as MCO by sequencing. On the other side, amplification products obtained for P. putida F6 were also sequenced, but did not show any similarity with any known laccases (data not shown). Based on the obtained sequences for laccase genes from P. putida KT2440 and P. putida CA-3, specific primers for amplification and cloning were designed (Table 1). Amplicons obtained from P. putida KT2440 and P. putida CA-3 with specific primers were sequenced and aligned (https://www.ebi.ac.uk/Tools/psa/emboss_needle/nucleotide) [40], and showed 96.8% identity. Given that presence of laccase-like protein in P. putida F6 has been indicated previously in the literature [41] and that P. putida F6 in this study showed at least two-times higher activity in ABTS assay (Figure 1B), further pursuit for this particular enzyme was undertaken, involving protein purification from the wild type strain, followed by protein and genome sequencing.




2.3. Purification of Protein with Laccase Activity from P. putida F6


Proteins from P. putida F6 with laccase activity were purified using ion-exchange chromatography. Fractions obtained were tested for enzyme activity towards ABTS in the presence of CuSO4 (2 mM) with activity detected in two fractions (Figure 2). Active fractions were pooled and named Lacc1 and Lacc2, implying that they exhibit a laccase-like activity and their activity was improved drastically in the presence of CuSO4. Both fractions were additionally purified, concentrated, and checked for homogeneity by SDS-PAGE. Lacc1 showed one homogenous band on ~24 kDa (Figure 2A), while the lacc2 fraction was non-homogeneous and lost most of its activity after two gel filtration steps (Figure 2B). Therefore, the Lacc1 fraction was used for further studies.




2.4. N-Terminal Lacc1 Protein and P. putida F6 Genome Sequencing


Lacc1 fraction from P. putida F6 was used for N-terminal sequencing that revealed MTHHSED motif on the N terminus. In addition, the whole genome of P. putida F6 was sequenced and annotated using the PROKKA software tool [42]. Analysis of the whole genome by a sequence-based search for proteins with laccase-like activity and a structure-based search for conserved protein domains using Conserved Domains tool (http://www.ncbi.nlm.nih.gov/Structure//cdd/wrpsb.cgi) [43,44] revealed eight different laccase-like gene sequences (Table 2). Amongst them, only one contained MTHHSED motif, namely gene coding for a four-helix bundle copper-binding protein (cbp). The Conserved Domains tool detected multicopper oxidase (copA) which was also of high interest due to the fact that both purified fractions showed a certain size and CuSO4 dependant activity (Figure 2). Based on the copA and cbp sequences, specific primers for cloning and heterologous expression were designed (Table 1). It is worth mentioning that partially purified Lacc1 protein fraction (Figure 2A) from wild type P. putida F6 has a molecular weight of approximately 24 kDa judging from the SDS-PAGE analysis (Figure 2A). The identified cbp gene was 348 bp in length, which predictably corresponds to approximately 12.7 kDa. This gene is followed by copC gene that is 381 bp in length, which predicts to a protein of approximately 13.9 kDa. The close proximity of these two genes (separated by 11 bp) could result in possible transcription of both genes (cbp and copC) and translation to a single peptide which in turn may explain the discrepancy in predicted size of Cbp protein (Table 2) and Lacc1 protein fraction (Figure 2A).




2.5. Cloning and Expression of Enzymes with Laccase Activity from Pseudomonas Species


Based on the sequence analysis and activity data, two amplicons from P. putida F6 (cbp—348 bp and copA—1869 bp) and amplicons from P. putida KT2440 (mcoKT—741 bp) and P. putida CA-3 (mcoCA3—738 bp) were cloned into pRSET B expression vector. Sequences of four amplicons are deposited in GenBank under accession numbers MN075141, MN075142, MN075139, and MN075140. The recombinant proteins were expressed as N-terminal His6 fusion proteins in E. coli Rosetta (DE3) after 72 h induction at 17 °C with 1 mM IPTG. Activity of overexpressed proteins was determined in ABTS assay using cell-free extracts. Proteins of interest were purified with Ni-NTA affinity chromatography, and their activity was confirmed using zymography assay (Figure 3).



Although most of the laccases studied thus far are of fungal origin, they have limitations including difficulties in heterologous protein expression due to the need for posttranslational modifications, as well as narrow temperature and pH range [4,14]. During the last decade bacterial laccases gained more attention [31,45] due to the number of advantages over fungal laccases, one of which is being more amenable for recombinant expression and directed evolution studies in an E. coli host. Despite wide use of Pseudomonas enzymes in different industrial applications, to date only one laccase-like enzyme, namely CopA from P. putida KT2440, was recombinantly expressed and characterized [5]. The 247 amino acid multicopper oxidase enzyme identified from P. putida KT2440 in the current study is much smaller than the 669 amino acid enzyme identified by Granja-Travez and co-workers [5].




2.6. Characterization of Recombinantly Expressed Laccases from Pseudomonas species


Activity profiles of four purified laccases on different pH values were determined using ABTS as the substrate and buffers of different pHs ranging from 3 to 10. All tested enzymes exhibited a broad pH range, pH 3 to pH 8 for Cbp and CopA, and pH 3 to pH 7 for McoKT and McoCA3, all showing maximum activity at pH 4 (Figure 4A). Obtained results are in accordance with available literature data: CopA from P. putida KT2440, laccase from Bacillus coagulans, and B. clausii laccase [26] exhibited maximum activity on ABTS as a substrate on pH 4 [5]. Furthermore, laccase from B. licheniformis showed maximal activity at pH 3 [3] while laccase from Streptomyces cyaneus had the maximum activity at pH 5 [4].



Temperature optimum was determined by incubating the enzymes at temperatures ranging from 20 to 80 °C under previously determined optimal pH. All tested laccases showed a broad temperature range from 20 to 80 °C with optimal range from 30 to 50 °C (Figure 4B). High enzyme activity even at elevated temperatures correlates with other bacterial laccases and laccase-like multi-copper oxidases [26,27].



Temperature stability of purified laccases from Pseudomonas species was assessed by incubation of enzymes at 60 °C and 80 °C for a total of 120 min, while taking enzyme aliquots for activity tests with ABTS every 30 min. All tested enzymes exhibited high temperature stability at 60 °C, since their activities were slightly elevated in comparison to control (enzyme activity measured before incubation at 60 °C and 80 °C) that was arbitrarily set to 100%, even after 2h of incubation (Figure 4C). Temperature activation of enzyme is also previously shown by Ece and coworkers [4]. McoCA3 enzyme exhibited the best temperature stability overall, as it retained 55% of its initial activity after 120 min at 80 °C, while Cbp, CopA, and McoKT retained 16%, 29%, and 20% of activity, respectively (Figure 4D).



Considering that Pseudomonas strains are mesophilic microorganisms, enzymes tested in this study showed high thermotolerance, which is in accordance with literature data on other enzymes from mesophilic microorganisms. Lončar and coworkers tested the activity of purified recombinant laccase from Bacillus licheniformis and retained 50% of activity after 100 min incubation at 60 °C, and 60 min incubation at 70 °C [3]. Cell-free extracts of heterologously expressed laccase-like MCO from Bacillus strains retained their activities after 30 min of incubation at 70 °C [26]. Ece and coworkers tested the activity of purified recombinant laccase from Streptomyces strain on DMP (2,6-dimethoxyphenol) substrate and showed retention of 50% of activity after 1 h incubation at 60 °C, while almost all activity was lost at 90 °C [4].




2.7. Degradation of Synthetic Textile Dyes Using Laccases from Pseudomonas Species


Potential of recombinant laccases from Pseudomonas strains to degrade seven synthetic dyes was followed spectrophotometrically for four days and results are presented as relative dye degradation in percents (Figure 5, only degraded dyes are shown). All dyes selected for degradation experiments are widely used in textile and dyeing industries. Among the seven tested dyes, five belong to azo dyes, which make up to 70% of all textile dyestuff produced [46]. Although, degradation experiments were first performed without the addition of a redox mediator (data not shown), the addition of ABTS (0.05 mM) substantially improved degradation of synthetic dyes by tested laccases. Two dyes, namely Erythrosin B and Orange G, were only dyes that were not degraded by tested laccases from Pseudomonas species. Among tested samples the best performing was cell-free extract containing CopA laccase from P. putida F6. CopA laccase degraded five out of seven tested dyes, namely Amido Black 10B, Brom Cresol Purple, Evans Blue, Reactive Black 5, and Remazol Brilliant Blue (Figure 5B). This laccase completely degraded azo dye Reactive Black 5 within four days, while 86% of dye degradation was detected after 48 h (Figure 5B). Pereira and coworkers [47] tested the ability of purified recombinant bacterial CotA-laccase from Bacillus subtilis to degrade Reactive Black 5 and obtained 85% of degradation after 24 h. Among seven tested dyes, Amido Black 5 was the only dye significantly degraded by all used laccases, with a degradation range from 70 to 95% within four days. Mishra and coworkers tested three Bacillus soil isolates and obtained 50–84% of azo dye Amido Black 5 degradation after four days incubation with bacterial culture [48]. Ninety-five percent of triphenylmethane dye Brom Cresol Purple was degraded within four days incubation with cell-free extract containing laccase from P. putida CA-3 (Figure 5D). The majority of studies on textile dyes degradation were performed using fungal laccases. All laccases tested in this study showed promising potential for the application in textile dye degradation, having in mind that presented results were obtained using cell-free extracts of recombinant strains expressing laccases, not purified enzymes to make the process scalable and to avoid costly enzyme purification procedures.





3. Materials and Methods


3.1. Reagents


All reagents and solvents used in this work were purchased either from Merck (Darmstadt, Germany) or Sigma-Aldrich (St. Louis, MO, USA). Dyes were purchased from Carl Roth (Karlsruhe, Germany), except Reactive Black 5 which was purchased from Sigma-Aldrich (St. Louis, MO, USA). GeneJet PCR purification, GeneJet gel extraction kit, and GeneJet plasmid purification kits were purchased from Thermo Fisher Scientific (Waltham, MA, USA).




3.2. Bacterial Strains


All strains used in this study as sources of laccases as well expression strains are presented in Table 3.




3.3. Media


Mineral Salts Medium (MSM) containing 9 g/L Na2HPO4 × 12H2O, 1.5 g/L KH2PO4, 0.2 g/L MgSO4 × 7H2O, 0.002 g/L CaCl2, 1 g/L NH4Cl, 1 mL salt solution [49], supplemented with 0.7% casamino acids, 1% glucose, and 5mM phenylacetic acid was used for growth of wild type Pseudomonas strains and induction of laccases.



Luria–Bertani (LB) broth containing 10 g/L tryptone, 10 g/L NaCl, and 5 g/L yeast extract was used for the growth. Laccase activity was tested on agar plates containing 10 g/L tryptone, 10 g/L NaCl, 5 g/L yeast extract, and 15 g/L agar with 0.01% guaiacol and 0.35 mM CuSO4. Plates were incubated for 7 days at 30 °C.



For selection of clones Luria Agar (LA) plates supplemented with 100 µg/mL of ampicillin. For expression of recombinant laccase terrific broth (TB) was used containing 24 g/L yeast extract, 20 g/L tryptone, 0.4% glycerol, 0.017 M KH2PO4, and 0.072M K2HPO4 with 100 µg/mL ampicillin.




3.4. Screen for Laccase Activity on Guaiacol Agar and in ABTS Assay


The plate method assay for laccase activity was performed on LA agar supplemented with 0.01%(w/v) guaiacol of syringaldazine as laccase substrates and 0.35 mM CuSO4. Strains were seeded and grown overnight at 37 °C and observed for the formation of brown colored zones around colonies that form when laccase is produced by the tested strain.



2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) assay was performed either with supernatants and cell-free extracts of wild type strains or with heterologously expressed purified proteins. The reaction was performed in 100 mM Na-acetate buffer pH 4.5 with the addition of 1 mM ABTS and 2 mM CuSO4. Absorption of formed product was followed spectrophotometrically at 410 nm.




3.5. Primer Design, Gene Amplification and Cloning


Based on the data retrieved from UniProt database search for laccase from Pseudomonas, primers for laccase amplification from selected Pseudomonas strains were designed. All primers are presented in Table 1, where restriction sites for positional cloning in pRSETB vector are designated in bold.



PCR amplification of genes coding for proteins with laccase activity was carried out based on the manufacturer’s instructions of GeneJet PCR kit (Thermo Fisher Scientific) on corresponding primer specific annealing temperature (Table 1). Amplified and restriction digested PCR fragments were positionally cloned in pRSET B vector and E. coli Rosetta (DE3) competent cells (both from Thermo Fisher Scientific) were transformed.




3.6. Protein Purification from P. putida F6


A functional isolation of protein with laccase (ABTS oxidizing) activity was performed using anion-exchange (Q-Sepharose) columns were purchased from Amersham (Amersham Biosciences AB, Uppsala, Sweden). Cell-free extracts of phenylacetic acid-induced (5 mM) P. putida F6 cells were obtained using following procedure: cell culture was centrifuged for 20 min at 3000× g (Eppendorf centrifuge 5804, Hamburg, Germany). Pellet was resuspended in lysis buffer (20 mM Tris-HCl, pH 8, and 1 mg/mL lysozyme) and incubated 30 min at 37 °C. Mixture was sonicated at 20 KHz, 3 pulses of 15 s (Soniprep 150, MSE (UK) Ltd., Lindon, UK). Cell-free extracts were clarified by centrifugation for 40 min at 20,817× g, 4 °C (Eppendorf Centrifuge 5417 R, Hamburg, Germany). Obtained cell-free extracts were dialyzed against 20 mM Tris-HCl buffer pH 8 and loaded on a manually packed (5 cm × 25 cm) strong anion-exchange Q-Sepharose column pre-equilibrated at the same buffer. Elution was performed applying a linear gradient of 0–0.5 M NaCl at a flow rate of 5 mL/min. Partially purified enzymes were equilibrated in 20 mM Tris-HCl pH 7 buffer, applied on pre-equilibrated column separately and eluted as previously described. Concentrated fractions were checked for homogeneity by SDS-PAGE, stained with Coomassie Brilliant Blue. Partially purified enzymes were loaded onto a HiPrep 16/60 Sephacryl S-200 HR (1.6 cm × 60 cm) and HiPrep Sephacryl S-300 HR 26/60 (2.6 cm × 60 cm) gel filtration columns, previously equilibrated with 20 mM Tris-HCl pH 7 with 150 mM NaCl at a flow rate 60 mL/h. Obtained fractions were tested for enzyme activity using ABTS assay (Section 3.4).




3.7. N-Terminal and Genome Sequencing


Purified laccase from Pseudomonas putida F6 was sequenced by Cambridge Peptides Ltd., West Midlands, UK. A sequence of 7 amino acids at N-terminus was identified by the Edman degradation method.



Genome of Pseudomonas putida F6 was sequenced in MicrobesNG company (Birmingham, UK). Obtained raw genome sequences were annotated using PROKKA software tool and analyzed using Conserved Domains tool [42,43,44]. Genes of interest were discovered by motif, sequence and domain-based search and primers for cloning in pRSETB were designed (Table 1).




3.8. Recombinant Protein Expression and Purification


Host cells carrying pRETB plasmid with laccases from different Pseudomonas strains were grown overnight at 37 °C in TB medium containing 100 g/mL ampicillin. Overnight culture was diluted (1%) into TB medium containing ampicillin (100 g/mL) and CuSO4 at final concentration of 2 mM and after reaching OD600 = 0.5 expression was induced with 1 mM IPTG and carried out for 48 h at 17 °C with shaking at 180 rpm. Cells were pelleted for 10 min at 3000× g (Eppendorf centrifuge 5804, Hamburg, Germany). Lysis buffer containing (50 mM NaH2PO4, pH 8, 300 mM NaCl, 10 mM imidazole, and 1 mg/mL lysozyme) was used for the preparation of cell-free extracts. The mixture was incubated for 30 min at 37 °C followed by sonication of 3 pulses of 15 s at 20 KHz (Soniprep 150, MSE (UK) Ltd., England). Cell-free extracts were clarified by centrifugation for 40 min at 20 817× g, 4 °C (Eppendorf Centrifuge 5417 R, Hamburg, Germany). Clear supernatant was loaded on a NiNTA agarose (Qiagen, Hilden, Germany) equilibrated with 50 mM NaH2PO4 pH8, 300 mM NaCl, 10 mM imidazole. Non-specifically bound proteins were washed with one volume of 50 mM imidazole in starting buffer followed by elution with 250 mM and 500 mM imidazole in the same buffer. Total protein concentration in collected fractions was determined according to the Bradford method [50] using Quick StartTM Bradford 1× Reagent (BioRad Laboratories, California, USA). Collected fractions were analyzed by activity assay on ABTS and SDS-PAGE.




3.9. Temperature and pH Optimum of Purified Laccases


The optimum pH of the laccase enzymes was determined within a pH range of 3 to 10 using ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) as a substrate, and purified proteins with adjusted concentrations. For pH range from 3 to 5, acetate buffer was used; for pH 6 and 7, 20 mM phosphate buffer was used; while for pH 8 and pH 9 and 10, 20 mM Tris-HCl and 20 mM glycine-NaOH were used, respectively. Temperature optimum of enzyme activity was measured in the range of 20 to 80 °C at previously determined optimal pH and buffer and with ABTS as a substrate. ABTS assay contained 20 mM Na-acetate buffer pH 4.5, 100 µL of sample, 1 mM ABTS, and 2 mM CuSO4 and after incubation of 15 min at 37 °C reactions were followed spectrophotometrically for product formation at 420 nm.



Thermal stability of purified laccase was determined by measuring residual activity upon incubating aliquots of purified laccases at 60 °C and 80 °C. Samples were withdrawn at 30, 60, 90, and 120 min, placed on ice, and enzyme activity was determined in ABTS assay as described in Section 3.4. For testing thermal stability 100 mM Na-acetate buffer of pH 4.0—pH 5.0 was used.




3.10. Textile Dyes Degradation


Seven different dyes were selected to study degradation ability of the laccases from Pseudomonas species. Selected dyes belong to three different groups: Amido Black 10B, Evans Blue, Reactive Black 5, Remazol Briliant Blue, and Orange G are azo dyes, Brom Cresol Purple is triphenylmethane dye, while Erythrosin B is xanthene dye. Stock solutions of the dyes in 100 mM Na-acetate buffer pH 4.5 were stored in the dark at 4 °C. For dyes degradation experiments cell-free extracts of four recombinant strains expressing laccases from Pseudomonas species were used. Reaction consisted of cell-free extracts of adjusted protein concentrations in 100 mM Na-acetate buffer pH 4.5, 0.05 mM ABTS, and 2 mM CuSO4 and corresponding dye. Concentration of each dye was set to correspond to 0.6 absorbance units at the maximum wavelength of a specific dye. In this experiment two controls were set up. One control reaction consisted of appropriate dye, 100 mM Na-acetate buffer pH 4.5, 0.05 mM ABTS, and 2 mM CuSO4, and was used to monitor dye degradation over time. Second control reaction, used as blank, was prepared for each laccase, and consisted of cell-free extract in 100 mM Na-acetate buffer pH 4.5, 0.05 mM ABTS, and 2 mM CuSO4. Reactions were incubated for four days at 30 °C, and dye concentrations were spectrophotometrically measured at maximum wavelength determined for each dye. Dye degradation (%) was calculated using following equation:


initial absorbance−final absorbanceinitial absorbance×100%



(1)









4. Conclusions


Four active recombinant laccases from three Pseudomonas sp. (P. putida KT2440 and P. putida CA-3, and P. putida F6) were discovered using different molecular approaches including DNA sequence analysis, N-terminal protein sequencing, and genome sequencing data analysis. These new laccases exhibited good stability at elevated temperatures, and were active over a broad temperature and pH range. All tested laccases showed good potential in degradation of synthetic textile dyes, with CopA from P. putida F6 being the most promising, as this laccase was active on five out of seven tested dyes, namely Amido Black 10B, Brom Cresol Purple, Evans Blue, Reactive Black 5, and Remazol Brilliant Blue. This research confirmed that Pseudomonas genus is still a source of biocatalytically relevant enzymes, since all tested enzymes showed promising potential for the degradation of textile dyes which makes them good candidates for the application in bioremediation.
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Figure 1. Laccase activity assay on guaiacol-containing plates (A) and in ABTS assay (B). Abbreviations F6, KT2440, CA-3, mt-2, S12, B561, and PAO1 refer to wild type strains P. putida F6, P. putida KT2440, P. putida CA-3, P. putida mt-2, P. putida S12, P. chlororaphis B561 and P. aeruginosa PAO1 (A) and appropriate cell-free extracts (B). Enzyme activity in ABTS assay was expressed as a ratio of product formation to the total protein concentration (A410/A595). Inlet in (B) represents color change in ABTS assay due to laccase activity from cell-free extracts. 
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Figure 2. SDS-PAGE of partially purified (enriched fractions) enzymes from P. putida F6. (A) lane 1—protein standard, lane 2—Lacc1 fraction (~24 kDa); (B) lane 1—protein standard, lane 2—Lacc2 fraction. 
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Figure 3. Zymography assay of purified laccases from Pseudomonas species using native PAGE analysis. The first lane—BlueStar prestained protein marker (Nippon genetics). Lanes from left to right: Cbp (P. putida F6), CopA (P. putida F6), McoKT (P. putida KT2440), and McoCA3 (P. putida CA-3). 
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Figure 4. pH, temperature optimum and temperature stability of expressed laccases from Pseudomonas species: (A) relative enzymes activity at different pH values, (B) relative enzymes activity at different temperatures, (C) temperature stability at 60 °C, (D) temperature stability at 80 °C. 
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Figure 5. Degradation of five synthetic textile dyes using cell-free extracts (CFE) of E. coli Rosetta (DE3) expressing laccases: (A) Cbp from P. putida F6; (B) CopA from P. putida F6; (C) KT from P. putida KT2440; and (D) CA-3 from P. putida CA-3. 
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Table 1. Oligonucleotide sequences and the annealing temperaturesused for the amplification of laccases from Pseudomonas species.
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Primers with Restriction Enzyme Sites

	
Annealing T

	
Strain






	
PS_LACF

	
ATGAGTGRCCTGRCBCAG

	
50 °C

	
Pseudomonas spp.




	
PS_LACR

	
GCGGNTCCAGCCASACCARSGA




	
CA3F

	
TAACAGGATCCGAGTGGCCTGACTCAGG (Bam HI)

	
55 °C

	
P. putida CA-3




	
CA3R

	
TAATTAAGCTTTTGCGGTTCCAGCCAGAC (Hind III)




	
KTF

	
TAACAGGATCCGAGTGACCTGACGCAGG (Bam HI)

	
59 °C

	
P. putida KT2440




	
KTR

	
TAATTAAGCTTGCGCGGGTCCAGCCAGAC (Hind III)




	
CopAF

	
TAACAGCTAGCATGTCGCATGATGATTTTCGT (Nhe I)

	
55 °C

	
P. putida F6




	
CopAR

	
TAATTAAGCTTTTCGTCGACCCTCACCGTGCG (Hind III)




	
CbpF

	
TAACAGCTAGCATGACTCACCATTCCGAAGAC (Nhe I)

	
58 °C

	
P. putida F6




	
CbpR

	
TAATTAAGCTTAGCCGCCATGGCGCTGCAGCT (Hind III)
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Table 2. Genes coding for proteins with laccase-like activity discovered in genome of P. putida F6.
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	Gene Name
	Protein Size (AA)
	GeneBank Match
	GeneBank Acc No
	Identity (%)
	Discovered with





	Putative cysteine-rich protein YhjQ
	116
	Four-helix bundle copper-binding protein (Cbp) from Pseudomonas putida
	WP_026070601
	100
	MTHHSED motif search



	Not annotated
	623
	Copper resistance system multicopper oxidase (CopA) from Xantomonadaceae
	WP_017354985
	100
	Conserved Domains tool



	Copper resistance protein B
	425
	Copper resistance protein B (CopB) from Xantomonadaceae
	WP_017354984
	100
	Genome annotation



	Copper resistance protein C
	127
	Copper homeostasis periplasmic binding protein (CopC) from Xanthomonadaceae
	WP_017354979
	100
	Genome annotation



	Laccase domain protein YfiH
	246
	Multi-copper polyphenol oxidoreductase laccase from Pseudomonas putida
	WP_075804457
	96.3
	Genome annotation



	Laccase domain protein YfiH
	256
	Multi-copper polyphenol oxidoreductase laccase from Stenotrophomonas maltophilia
	WP_099560244
	99.2
	Genome annotation



	Multicopper oxidase mco
	460
	Multicopper oxidase from Pseudomonas putida
	WP_075806698
	97.4
	Genome annotation



	Blue copper oxidase CueO
	675
	Multicopper oxidase protein from Pseudomonas
	WP_075804455
	79.9
	Genome annotation
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Table 3. Bacterial strains used in this study.
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	Bacterial Strain
	Reference





	Pseudomonas aeruginosa PAO1
	ATCC 15,692



	Pseudomonas putida CA-3
	NCIMB 41,162



	Pseudomonas putida F6
	[33]



	Pseudomonas putida KT2440
	ATCC 47,054



	Pseudomonas putida mt-2
	NCIMB 10,432



	Pseudomonas putida S12
	ATCC 70,0801



	Pseudomonas chlororaphis B561
	ATCC 19,523



	Escherichia coli Rosetta (DE3)
	Merck, Darmstadt, Germany
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