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                    Abstract
The objective of this paper is to compare in silico data with wet lab physicochemical properties of crude laccase enzyme isolated from Rigidoporus sp. using wheat bran as solid substrate support towards dye decolorization. Molecular docking analysis of selected nine textile and non-textile dyes were performed using laccase from Rigidoporus lignosus as reference protein. Enzyme-based remediation methodology using crude enzyme enriched from solid state fermentation was applied to screen the effect of four influencing variables such as pH, temperature, dye concentration, and incubation time toward dye decolorization. The extracellular crude enzyme decolorized 69.8 % Acid Blue 113, 45.07 % Reactive Blue 19, 36.61 % Reactive Orange 122, 30.55 % Acid Red 88, 24.59 % Direct Blue 14, 18.48 % Reactive Black B, 16.49 % Reactive Blue RGB, and 11.66 % Acid Blue 9 at 100 mg/l dye concentration at their optimal pH at room temperature under static and dark conditions after 1 h of incubation without addition of any externally added mediators. Our wet lab studies approach, barring other factors, validate in silico for screening and ranking textile dyes based on their proximity to the T1 site. We are reporting for the first time a combinatorial approach involving in silico methods and wet lab-based crude laccase-mediated dye decolorization without any external mediators.
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                                    Introduction
The dawn of the industrial era has witnessed an exponential increase in migrating population to urban environment surrounded by processing and finishing industries, leading to simultaneous contamination of soil, air, and groundwater with toxic pollutants. Textiles processing and manufacturing industries processes a large amount of water-based effluents containing synthetic colorants and common dyes into the environment [1]. The discharge of textile waste water, which contains high concentration of reactive dyes is a well-known problem, besides the wastewaters having a high chemical oxygen demand, suspended solids, alkaline pH, and high visible color [2]. The reductive cleavage of the azo bond under anaerobic conditions usually leads to the formation of aromatic amines, which are highly toxic, mutagenic, and carcinogenic [3, 4]. Hence, these effluents must be treated before their release into the environment as they are invariably recalcitrant to conventional wastewater treatment and persist in the environment as a result of their high stability against light, temperature, water, detergents, chemicals, and microbial attack [5]. Conventional physical and chemical wastewater treatment methodologies have technical snags in process development and have their own limitations, including high cost, low efficiency, ineffective for handling textile processing wastewater containing relatively nonreactive synthetic organic dyes due to their chemical stability as well as the production of large volumes of sludge [6, 7]. The second half of the nineteenth century saw an extensive application of textile dyes because of their colorfastness and low price, leading to synthesis of more than 3,000 azo dyes, contributing to 65 % of market [8]. The aforesaid limitations advocated the necessity of non-physicochemical techniques, shifting the paradigm towards efficient, cost-effective, and eco-friendly biotechnology approaches, replacing conventional nonbiological methods. Tirupur (Tamil Nadu, India) is a major source of India’s garment exports, accounting for 20 %. Farmers downstream have been sounding the alarm bells for some time about the toxic effluent these dye houses have dumped into the local water. According to Tamil Nadu State Pollution Control Board, there are more than 830 dyeing units in Tirupur alone, generating more than 200 t/day of textile effluents, increasing the total organic load in the ecosystem [9]. A wide variety of microbial cell systems, proving to be better alternatives, have been applied in investigating decolorization of textile dyes in wastewater [10]. The major limitation of implementing microbial system would result in biomass accumulation, expanded treatment scale, slow decolorization process, and inhibition of microbial growth by dyes [11–14]. The employment of enzyme preparations shows considerable benefits over the direct use of microorganisms.
SSF has been considered as an efficient method for enzyme production in biotechnological process due its potential advantages and high yield. Wheat bran provide a conducive environment similar to its natural habitat, causing high secretion of lignolytic enzymes, as wheat bran is an abundant source for hydroxycinnamic acids, particularly ferulic and p-coumaric acids, which are known to stimulate laccase production [15]. Enzyme- based remediation using crude or purified extracellular enzymes provides an inexpensive alternative for reducing primary and secondary pollutants with minimal impact on the ecosystem and allows for the separation dye decolorization step from fungal growth and enzyme production, eliminating the problem of fungal growth inhibition by the dye molecules [16–18]. The application is simple and can be rapidly modified according to the character of the dye or dyes to be removed [7]. Prokayotic and eukaryotic fungal laccases have had wide applications in industrial sectors [19–21]. Laccase (EC 1.10.3.2) is a widespread cuproenzyme able to oxidize various types of phenols and similar aromatic compounds through a one-electron transfer mechanism without the need for additional cofactors [22]. The present work focuses on investigating ligand (dye)–protein interactions by in silico studies and applying crude laccase from Rigidoporus sp. on decolorization of nine synthetic dyes without any externally added mediators (Fig. 1). To the best of our knowledge, this experimental design followed in our study is the first of its kind in terms of adopting a systemic approach in correlating in silico binding energy data, distance from the four copper atoms with wet lab findings, specifically for nine representative, prototypical, commonly used, reactive textile dyes
Fig. 1
Dye decolorization for eight dyes (in percent). Orange G, one of the nine dyes selected, showed a spectral shift with increased absorbance probably due to polymerization reactions and hence, did not show decolorization


Full size image


              

Materials and Methods
Chemicals
Acid Blue 113 (AB113) was gifted by Punjab Rang Udyog, Punjab, India, Orange G (OG) were purchased from Merck, Acid Blue 9 (AB9) and Direct Blue 14 (DB14) were purchased from Hi Media India limited, while all other dyes such as Reactive Blue 19 (RB19), Reactive Orange 122 (RO122), Reactive Blue RGB (RGB), Reactive Black B (BB), and Acid Red 88 (AR88) were gifted by India dyes and chemicals, Tirupur. All other chemicals and solvents utilized in the experimental design were purchased from SD Fine Chemicals Limited, Merck, and Hi Media India Limited.
Microorganism

                  Rigidoporous sp. was isolated from Kodaikanal hills, Tamil Nadu, India. The strain was submitted to National Fungal Collection Centre, Agharkar Research Foundation, Pune, India for molecular identification of the fungi. It was authenticated by the isolation of genomic DNA where the rDNA fragments were amplified using universal primers and was successfully aligned with publically available sequences and analyzed. The analyzed DNA sequence was submitted to GenBank and was assigned with accession number HQ018817.The stock cultures were maintained in potato dextrose agar medium and stored at 4 °C with a periodic subculture.
In Silico Interactions of Textile Dyes with Laccase—Molecular Docking Studies
Ligand structures were downloaded from PubChem in SDF format, converted to PDBQT format using Open Babel [23]. The developed ligands using ChemSketch tool freeware version 12.01 was used as input files for predicting ligand–protein interactions. Molecular docking analysis was performed using AutoDock module available in PyRx Version 0.8 software [24–26]. We selected receptor molecule, laccase from Rigidoporus lignosus (PDB ID, 1V10) structure from protein data bank. Rigid docking protocol was considered, where both ligands and receptors were kept rigid. Blind docking grid size was increased to accommodate the entire protein inside the grid with dimensions 53, 55, and 50 Å (x, y, and z). Genetic algorithm was used to screen the best possible conformers. Maximum of 50 conformers were considered for each compound to predict best conformers. The population size was set to 150 and the individuals were initialized randomly. Maximum number of energy evaluation was set to maximum of 2,500,000 energy evolutions, maximum number of top individual that automatically survived to 1. Later, results were analyzed with the help of AutoDock tools 1.4.5. The interactions between the ligand and the target are given in Figs. 2, 3, and 4.
Fig. 2
Docking analysis for Acid Blue 113, Reactive Blue 19 and reactive Orange 122 respectively with laccase from Rigidoporus lignosus (PDBID:IV10)


Full size image


                  Fig. 3
Docking analysis for Acid Red 88, Reactive Blue 250, Reactive Black B respectively with laccase from Rigidoporus lignosus (PDBID:IV10)


Full size image


                  Fig. 4
Docking analysis 2


Full size image


                Enzyme Production
Twenty grams of wheat bran were 50 % moistened by adding distilled water in a 250-ml flask (Borosil), sterilized by autoclaving at 121 °C and 20 psi for 20 min. After cooling, the substrates was inoculated directly into the Erlenmeyer flasks with an agar plug (diameter 6 mm) cut from the peripheral region of 7-day-old active growing fungus culture on potato dextrose agar medium. The cultures are kept at room temperature approximately at 27 ± 2 °C in static condition for 15 days. On the 16th day, the crude enzyme was recovered by simple extraction method as follows: the fermented solid agro waste substrates were mixed with 100 ml of 0.1 M sodium acetate buffer (pH 5.8) and the contents were agitated in a rotary shaker for overnight incubation. The crude extract was filtered through a gauze cloth and subsequently centrifuged at 5,000 rpm for 10 min. The obtained crude enzyme was freeze–thawed, centrifuged, and filtered using filter paper. The clear crude enzyme was assayed for laccase activity using syringaldazine as the substrate as described by Szklarz et al. [27]. The reaction mixture for this assay (in a total volume of 1 ml) consisted of 0.4 ml of Mcllvaine’s buffer (pH 5.0), 0.1 ml of 1 mM syringaldazine in ethanol, and 0.5 ml extracellular clear filtrate. Oxidation of syringaldazine to its quinone (molar absorptivity of 65,000 M−1 cm−1) by laccase was measured by monitoring the increase in A
                  525. Soluble protein content in the extracellular filtrate was determined according to Bradford method (1976) using bovine serum albumin as a standard protein [28].
Enzyme-based Decolorization
Synthetic dye decolorization capability of the crude enzyme, obtained by solid state fermentation using wheat bran from Rigidoporous sp., was investigated using nine different textile dyes separately. The reaction mixture consist of 0.5 ml of 100 mg l−1 dye concentration, 0.5 ml of crude enzyme in 3.0 ml of 0.1 M McIlvaine’s buffer in a total volume of 5 ml in a 10-ml air tight screw cap polypropylene vials [29]. The reaction mixture was incubated at room temperature in the dark for 1 h under static conditions. Dye decolorization was measured by monitoring the decrease in absorbance of each dye in a UV–Vis spectrophotometer (Elico, India) and expressed in terms of percentage. A control run was conducted in parallel, where enzyme was replaced by the use of buffer in the reaction mixture. The reactions were run in triplicate.
Effect of Influencing Variables on Dye Decolorization
The influence of pH on dye decolorization was monitored with 100 mg L−1 dye concentration at different pH ranging from 3.0 to 8.0 using the above-mentioned reaction conditions for 2 h. The influence of temperature on enzymatic decolorization was studied by incubating the reaction mixture in a screw cap polypropylene vial under different temperatures ranging between 30 and 80 °C at 10 °C at the optimized pH for 120 min. The residual dye decolorization percentage was calculated every 30 min of incubation. At the same pH, the effect of incubation time on dye decolorization was determined by incubating the reaction mixture for 120 min at room temperature, aliquoted at every 30 min and decolorization percentage was calculated based on their decrease at their respective absorption maxima. The optimal dye concentration was determined by incubating the reaction mixture at six different concentrations ranging from 25 to 150 mg/l using optimal conditions of pH under static conditions. We have reported data based on 1-h incubation to study the effect of four influencing variables such as pH, temperature, dye concentration, and incubation time on dye decolorization.


Results
In Silico Analysis
AutoDock program included in PyRx 0.8 package is able to select the correct complexes based on the energy without prior knowledge of the binding site [30]. Nine dyes were screened for predicting optimal ligand–protein interactions. Table 1 represents binding energy, number of hydrogen bonds formed, distance among active copper atoms (T1 and T2/T3 site), and interacted amino acids. Seven dyes reported negative binding energy, while two dyes (BB and RGB) reported positive binding energy. The order of negative binding energies are OG>AB9>RO122>RB19>AB113>AR88>DB14.
Table 1 In silico and in vitro analysis of crude enzyme mediated dye decolorizationFull size table


                Effect of Influencing Physical Parameters on Dye Decolorization
Table 1 represents the effect of influencing variables such as pH, temperature, concentration, and incubation time towards enzyme-based dye decolorization. AB113, BB, RGB, AR88, and AB9 were shown to decolorize at an optimal pH 5.0 with decolorizing percentage of 69.80, 18.48, 16.49, 30.55, and 11.66 %, respectively. RB19 and DB14 were 45.07 and 24.59 % decolorized at an acidic pH 3.0, while RO122 reported maximal decolorization of 36.61 % at pH 7.0. It is concluded from Table 1 that, temperature plays a crucial role in the dye decolorization. AB113 showed more than 65 % at room temperature, while all other dyes except BB and RGB reported an optimal temperature of 60 °C. BB and RGB reported to have maximal decolorization of 18.48 and 16.49 % at 80 and 70 °C, respectively. Dye concentration and incubation time played a major role in decolorization reactions. The order of tolerance of dye concentration of various dyes is AB113/RB19 (150 mg/l) > DB14 (125 mg/l) > RGB (100 mg/l) > RO122/BB/AR88 (50 mg/l) > AB9 (25 mg/l) at their respective optimal pH conditions. Similarly, the order of incubation time is AB113 (30 min) > RB19/AB9 (45 min) > RO122/BB/RGB/AR88/DB14 (60 min). AB113 reached maximal decolorization within 30 min of incubation, followed by RB19 and AB9, while remaining took 60 min to reach maximal decolorization at their respective optimal pH. OG showed increase in the absorbance leading to polymerization reactions. Figure 1 represents the decolorization percentage at their optimal pH under static conditions at environmental temperature (room temperature) after 1 h of incubation.


Discussion
In Silico Analysis
Table 1 represents the distance among interacted amino acids with the copper ions in the mononuclear sites and can be correlated, in part, with decolorization potential. Docking program and scoring function are good at eliminating compounds that do not fit the active site well electrostatically or sterically [31]. Binding energy was used as a tool to correlate the interaction between enzymes and various synthetic organics [32]. Energy component methods are based on the assumption that the change in free energy upon binding of a ligand to its target (receptor protein) has been applied to the prediction of protein–ligand affinity [33]. Hydrogen bond plays an important role in stabilizing protein–ligand interactions [34]. The T1 site of the enzyme is the primary acceptor of electrons from reducing substrates, and then they transfer electrons onto the three nuclear T2/T3 sites, where molecular oxygen is activated and reduced to water [19, 35]. Laccase can directly oxidize only compounds with ionization potential not higher or slightly higher than the redox potential of the T1 copper site [36]. The redox potential of the T1 site determines the efficiency of redox catalysis, making T1 site a promising site in this enzyme. Table 1 indicates that, if the distance between mononuclear copper site (Cu1503) and the amino acids are less than 25 Å, the percentage of decolorization falls below 20 %. In an exception, the possible mechanism for AB9 would be the structural steric hindrance and delayed electron shuttling resulting in low decolorization. Dye decolorization increases when the distance between the Cu1503 site and the amino acids is greater than 25 Å. The hypothetical mechanism might be larger space for interaction of the textile dye with the amino acid in the reference protein, resulting in an efficient shuttling of electrons, stabilizing the transition state and thereby increasing decolorization. As stated above, T1 site is considered as the catalytic site for redox reactions. The Cu1503 site is >25 Å from the amino acids to which dyes are bound, providing a space for the dye to interact efficiently with the amino acid, thereby facilitating efficient electron shuttling during redox reactions. If the T1 site is close to the amino acid of interest, isoform and steric factors influence low decolorization percentage might be due to competition/delay in electron shuttle from the active site to the textile dye and vice versa. RGB and BB are interacting closer to T1 site, resulting in low decolorization, which might be due to poor electron shuttling and stabilization of the transition state. OG resulting in increase in the absorbance leading to polymerization reactions is due to enhanced laccase action on the dye. All other dyes in our investigation are found to follow the above-mentioned mechanism [37]. Docking simulations show that higher binding energy promotes more favorable kinetics [38]. Our results of molecular docking between the receptor protein and synthetic dyes shows good interaction in terms of binding energy and dye decolorization and provides as a good endeavor to gain an insight into the interaction between the receptor protein (laccase) and synthetic dyes.
Effect of Influencing Physical Parameters on Dye Decolorization
Crude laccase-based decolorization of representative dyes such as AB113, RO122, RGB, AR88, OG, AB9, and DB14 were reported for first time of kind in this paper, while RB19 and BB decolorization by cell free crude laccase system have been reported [22, 39]. In our present study, RB19 and DB14 decolorized at high pH, RO122 at the neutral pH, and OG reported no detectable decolorization, while remaining dyes reported decolorization at pH 5. Results revealed that crude enzyme showed good decolorization activity in the pH range between 3.0 and 7.0, with optimum pH for maximum decolorization of five dyes was pH 5.0.
The variation of dye decolorization with respect to temperature is attributed to the thermostability of the crude enzyme. Dye decolorization was maintained at 30–60 °C but dropped beyond 70 °C. The decline of decolorization activity is probably due to the denaturation of crude laccase enzyme at high temperatures. Dye concentration and incubation time has direct correlation with the dye decolorization.
Dye concentration of up to 150 mg/l was tolerated resulting in slow decolorization but is not inhibitory. Maximum decolorization was obtained within 1 h of decolorization. These process variables such as pH, temperature, dye concentration, and incubation time helps us to determine the operating range, which were then used in a statistical design-based software package to predict the optimal operating conditions.
Azo and anthraquinone dye decolorization by enzyme remediation have been reported in the past decade [14, 40]. However, no similar reports were found for our class of dyes decolorized by Rigidoporus sp. AB113 decolorization reached a maximum of 68 % at room temperature, but after 1 h of incubation, the reaction mixture darkens, probably due to linking reactions between unreacted and reacted dyes, leading to polymers. These oligomer products inhibited degradation process due to laccase action, leading to the incomplete decolorization of the dye solution [37]. OG showed efficient binding energy during in silico analysis, but wet lab analysis resulted formation of soluble products with increase in absorbance [37]. Structurally, similar RGB and BB diazo dyes reported low decolorization rates (16.49 and 18.48 %). BB decolorization has been reported using crude laccase under varying operating conditions [29, 41, 42]. A low decolorizability was demonstrated for AB9 (triphenyl dye) despite its high binding energy which might be attributable to its structural hindrance. Scientific basis for this result is provided by crystal violet (a structurally similar dye) being 91 % decolorized (in 144 h) by the use of crude laccase from Trametes versicolor CBS 100.29. The aforesaid results further reiterate the broad substrate specificity of this crude enzyme with tremendous potential in treating effluents containing recalcitrant compounds [39].
These studies demonstrate that our crude laccase is an efficient enzyme for decolorization reactions by modifying azo structures (destruction of the chromophore). This discoloration process is especially applicable in bioremediation wherein fungal cultivation is not possible. Long hours of incubation time leads to linking reactions, where degraded product react with unreacted and reacted dyes, thereby producing large amount of coupled products leading to darkening of solution. This can be attributed to high oxidation potential of the enzyme.
In silico tools such as molecular docking softwares provide qualitative information relating free binding energy and dye decolorization, but various process variables such as pH, temperature, incubation, and dye concentration have to be validated quantitatively in order to understand the insights of mechanisms involved in dye decolorization [32]. To best of our knowledge, this is the first report (using this experimental design), wherein the screening of the relative decolorizability of nine synthetic dyes was evaluated using crude laccase from Rigidoporus sp. This approach was adopted for the development of optimal conditions using combinatorial in silico and wet lab-based methods.


Conclusion
Crude laccase-mediated/based decolorization are proven to be an effective methodology for dye decolorization, but it suffers some drawbacks such as undesirable color formation as observed for azo dyes during late hours of oxidation, probably due to high redox potential of the crude enzyme and enhanced laccase action, limiting its application in bioremediation [37]. Application of partially purified/purified and/or immobilized enzymes is not economically feasible for the treatment of large quantities of effluents being discharged on a daily basis by the textile industries in India. Hence, we conclude that conventional non-chemical methodologies such as crude enzyme remediation are proven to be the only alternative for color removal from textile effluents, as these enzymes have a broad specificity, without the exogenous addition of mediators. Despite considerable success, accurate and rapid prediction of protein–ligand interactions is still a challenge in molecular docking [43]. There could be differences in the wet lab data due to structural/functional variations in our laccase as well as due to the obvious limitations of bioinformatics approaches to optimize physicochemical variables. However, our in silico approach can be used as a quick, less resource-intensive screening tool to identify/rank dye molecules with decolorization potential.
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