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Abstract

:

Catechols are antioxidants and radical scavengers with a broad medical potential. 4-Methylcatechol (1b) and 4-ethylcatechol (2b) (occurring in some traditional fermented and smoked foods) activate the cell defense against oxidative stress. We examined the biocatalyzed reactions towards 4-n-alkylcatechols with different side chains length, which is a factor important for the biological activities of catechols. 4-n-Alkylcatechols with methyl through heptyl side chains (1b–7b) were obtained in one pot by (i) oxidation of phenols 1a–7a with tyrosinase from Agaricus bisporus followed by (ii) reduction of ortho-quinones (intermediates) with L-ascorbic acid sodium salt. The conversions decreased with increasing side chain length. The preparative reactions were carried out with substrates 1a–5a. The isolated yields of the purified products decreased from 59% in 2b to 10% in 5b in correlation with logP of the substrates. Homology modeling indicated that the affinities of two tyrosinase isoforms (PPO3 and PPO4) to the substrates with side chains longer than C2 decreased with increasing side chain length. This was probably due to steric limitations and to missing interactions of the extended side chains in the active sites. We envisage using the model to predict further substrates of tyrosinase and testing the products, catechols, for radical-scavenging and biological activities.
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1. Introduction


A number of natural ortho-diphenols (catechols) and their synthetic derivatives (Scheme 1) exhibit biological effects, which can be assigned to free radical scavenging or metal ion binding [1]. For instance, piceatannol was shown to have radical (HO∙ and t-BuOO∙) and singlet oxygen (1O2) scavenging activities several times higher than resveratrol or Trolox [2] and also to exhibit immunosuppressive, anticancer, antiinflammatory and anticolitic effects [3]. Protocatechuic aldehyde (3,4-dihydroxybenzaldehyde) exhibited antioxidant and anticancer effects and prevented experimental pulmonary fibrosis [4]. Carnosic acid and its analogues were found to have, e.g., antiproliferative, antimutagenic, antifungal or antiviral properties [5]. Antiviral activities were also reported in brominated catechols such as lanosol [6], a diterpenoid-like catechol [7] or dihydroxychromone catechols [8]. Recently, some 4-alkylcatechols (4-methylcatechol, 4-ethylcatechol and 4-vinylcatechol) were reported to induced the cell response to oxidative stress. They are present in some traditional foods preserved by fermentation with lactobacilli or by wood smoke (“functional foods”) but they are largely missing in current Western diets [9].



The ortho-hydroxylation of phenols with tyrosinase is a mild and simple route to catechols [1,10,11,12,13,14,15,16]. Tyrosinase (EC 1.14.18.1), also designated polyphenol oxidase (PPO), is an almost ubiquitous dicopper oxidase with activities for phenols and catechols. The oxidation of phenols requires that the catalytic site be in its oxy form (CuII–O22––CuII). However, catechols are oxidized by both the oxy and the met form (CuII–CuII). The reaction products obtained from both phenols and catechols are ortho-quinones [17]. The simultaneous reduction of the ortho-quinone with L-ascorbic acid (AA) made it possible to obtain the corresponding catechol in one pot, as proposed for the production of 3,4-dihydroxyphenylethanol (hydroxytyrosol), an antioxidant from olives [10]. 3,4-Dihydroxyphenyl-L-alanine (DOPA), a dopamine precursor used for the treatment of Parkinsonism [11,12], or various other types of catechols [13] was prepared in an analogous way. The route to hydroxytyrosol was recently improved by reducing the ortho-quinone with NADH, which was regenerated with a glucose dehydrogenase [18]. A modified route consisted of two separate steps; in the first step an immobilized tyrosinase catalyzed the transformation of monophenols into ortho-quinones, which were then reduced with dithionite [1] or sodium sulfite [14]. This approach enabled one to obtain, e.g., some esters of hydroxytyrosol and dihydrocaffeoyl catechols (moderate antiviral agents) [1], as well as DOPA-containing peptides [16].



In addition, various 4-alkylphenols were found to be substrates of tyrosinase in bioremediation studies [19,20]. The reactions were carried out without a reducing agent, resulting in the formation of ortho-quinones, which were removed by adsorption to chitosan. This demonstrated reactivity of phenols with extended side chains up to n-nonyl [20], although the products were not reduced to catechol or isolated.



We became interested in 4-n-alkylcatechols, two of which (methyl- and ethylcatechol) were found to act against cell oxidative stress (see above). It is plausible that the side chain length will influence the biological activities of these compounds like in other catechols [1]. The first aim of our study was to examine the effect of the side chain length on the reactivity of n-alkylphenols in the aforementioned biocatalyzed reactions. The second aim was to obtain the pure n-alkylcatechols for future radical scavenging and biological activity testing. The reactivities of the phenols were studied both in vitro and in silico. The latter approach consisted of docking the alkylphenol ligands in the active sites of two tyrosinases isoenzymes, PPO3 and PPO4. By comparing the resulting binding poses with in vitro substrate conversions, we evaluated the utility of the models for predicting tyrosinase substrates. In addition, catechols 1b–5b were prepared in purities suitable for future testing.




2. Results and Discussion


The abilities of the mushroom tyrosinase (Sigma) to catalyze the ortho-hydroxylation of 4-alkylphenols 1a–7a in the presence of L-ascorbic acid sodium salt (AASS) were compared. The reaction was proposed to consist of phenol oxidation by tyrosinase coupled to the reduction of the intermediate quinone (Scheme 2), similar to previous hypotheses on this reaction type [10,13].



The substrate screening was performed on an analytical scale (0.5 mL). The composition of the reaction mixtures (5 mM substrate, 30 mM AA sodium salt (AASS) as the reducing agent and HPLC grade water) resulted from the examination of the effects of the substrate, AA or AASS, and enzyme concentrations, and the reaction medium (Appendix A).



The substrate conversion was monitored by HPLC. The conversions were between 70% and 80% in 1a–3a and around 50% in 4a and 5a after 1 h reactions. Substrates 6a and 7a reacted at lower rates with conversions of 33% and 24%, respectively, after 5 h. This can be at least partly explained by the hydrophobicity of these substrates, logP increasing with increasing side chain length (Table 1). However, phenol was also an inferior substrate with only ca. 24% conversion after 1 h. Each substrate was transformed into a major product, which was more polar than the substrate. The retention times (RTs) and spectral maxima of the products were in agreement with those of authentic standards available for 1b and 2b (Table S1 in Supplementary Materials). LC–MS confirmed the expected molecular masses of the products 1b–7b (Table S2 in Supplementary Materials). Isomers of 4-methylphenol (1a), i.e., 2- and 3-methylphenol, were also among the tested compounds. However, the former was not transformed into any detectable product and the latter reacted sluggishly. Substrates 1a–5a were selected for preparative reactions on the 160 mL (0.8 mmol) scale.



In order to reduce the catalyst cost, the tyrosinase from Sigma was replaced with a crude tyrosinase prepared from fruiting bodies of the common button mushroom, Agaricus bisporus. The crude enzyme exhibited specific activities of 0.20 ± 0.05 U mg−1 of protein, i.e., almost six times lower than the commercial tyrosinase with 1.11 ± 0.30 U mg−1 of protein with DOPA as the substrate. This necessitated increasing the enzyme loads proportionately. The suitability of the crude enzyme was first examined with substrate 1a on a 0.5 mL scale and the reaction was compared with that catalyzed with the same amount of activity of the commercial tyrosinase. At intervals, samples were withdrawn to determine the concentrations of substrate 1a, product 1b and AASS (Figure 1). The rates of substrate consumption decreased with time, reflecting possible enzyme deactivation. Actually, the transformation of the tyrosinase oxy form into the deact form (CuII–Cu0) occurs upon processing of catechols by the former [17]. The reaction catalyzed by the commercial tyrosinase was faster than that catalyzed by the crude tyrosinase in the initial reaction stages. However, the former ceased earlier within the reaction time. Thus the maximum conversions were similar with 81% for the commercial tyrosinase after 60 min and 72% for the crude tyrosinase after 90 min. Although added at excess, AASS was almost exhausted at the end of the reactions. However, increasing the concentration of AASS from 30 mM up to 120 mM did not increase the conversions (Appendix A). The possible effect of feeding AASS remains to be examined. Reactions without AASS were run as controls. Mixtures of products were detected by HPLC in these reactions (not shown). These products were probably formed by the spontaneous reactions of the ortho-quinone intermediate.



Side activities such as laccase and various glycosidases were previously found in tyrosinase preparations [21]. Especially the laccase activity can deteriorate the performance of the tyrosinase catalyst, as it can lead to substrate and/or product losses through side reactions, which may ultimately lead to the formation of high molecular weight product precipitates. Therefore, we examined the laccase activity of the crude extract used for the preparative reactions. However, we did not detect any laccase activity in this preparation. The absence of the laccase activity was beneficial for using the crude extract in the biocatalyzed reactions.



The preparative-scale reactions had to be prolonged to achieve similar conversions as on analytical scale. This could be due to a different reaction mixture volume and different agitation rate (Materials and Methods), which probably affected the aeration. The products were extracted with ethyl acetate, concentrated and purified using low pressure silica gel column (flash) chromatography followed by preparative HPLC. This two-step purification protocol was used in order to get the products in high purity for future radical scavenging and other potential (biological) tests. The isolated yields of the products were acceptable (28–59%) except for the low yield of 5b (10%; Table 1). The product structures were confirmed by 1H and 13C NMR (Appendix A). The isolated yields of products only purified by flash chromatography were 10–20% higher but some impurities were detected by NMR (data not shown).



Previously, Yamada [19] described the transformations of 0.5 mM phenols 1a–4a, 3-methylphenol and 4-tert-butylphenol by tyrosinase. The products, ortho-quinones, were determined spectrophotometrically and, optionally, adsorbed to chitosan. A full conversion was achieved for 1a through 4a, while the reaction time needed to reach that conversion increased from 9 min in 1a to 20 min in 3a and 4a. 3-Methylphenol required 60 min for an almost full conversion. Thus the effect of the side chains on the reactivity of the phenols was similar as in our study, although the final products were of different types. Substituted phenols with longer or branched side chains (n-pentyl through n-nonyl, 4-isopropyl, 4-sec-butyl and 4-tert-pentyl) were also tyrosinase substrates but the reactions of these substrates were performed at low substrate concentrations from 0.05 mM of 4-n-octylphenol and 4-n-nonylphenol to 0.5 mM of e.g., n-pentylphenol. Particularly 4-n-nonylphenol required longer reaction times of almost 120min [20]. This confirms the aforementioned trend.



In the next part of the study, we aimed at comparing the above results with in silico modeling of the alkylphenol interactions in the active site of tyrosinase. To this end, tyrosinase isoforms PPO3 and PPO4 were constructed (see Materials and Methods). These isoenzymes are two of at least five tyrosinases PPO1-PPO5 in A. bisporus [22] but the crystal structures of PPO3 and PPO4 were the only ones solved [23,24]. The substrate interactions with the active site residues and cofactor atoms were described; the binding poses were then evaluated by molecular dynamics (MD) simulation.



The two peroxide oxygens of the active site were designated “proximal” (O1) and “distal” (O2) as in the tyrosinase from Streptomyces [25]. In PPO3, all substrates but phenol had hydroxyl hydrogen closer to O1 than to O2. Phenol rotated during MD simulations (see Materials and Methods) to reach an orientation with hydroxyl that was almost equidistant to O1 and O2 (Table S3). In contrast, in PPO4 the hydroxyl hydrogen was almost equidistant to O1 and O2 in all substrates. The mutual orientation of the hydrogen bond (HB) donor–acceptor in PPO4-ligand systems allowed HB formation with O1 and O2, while in PPO3 the ligands were closer to O1 and could only form a HB with O1. A small distance to both peroxide oxygens is important for the deprotonation of the substrate by the cofactor [25]. Distances from copper ions to the His residues coordinating them were conserved during MD and similar for all MD simulations (Table S4 in Supplementary Materials).



Other interactions between the ligands and the tyrosinase-cofactor complexes consisted of π–π interactions (stacking) and hydrophobic interactions. In PPO3, phenol formed π–π interactions (stacking) with H263 and F264 and hydrophobic interactions with V283, F264 and the methyl group in H263. Thus the position of phenol was stabilized by a hydrophobic interaction with F264 and a T-shaped stacking with the same amino acid (Figure 2A). In this isoenzyme, interactions of 4a with the active site were different in comparison with phenol, as the stacking with F264 was weaker and an additional hydrophobic interaction with A286 was formed (Figure 2B). The presence of F264 over the phenol binding pocket in PPO3 affected the substrate orientation in the active site (Figure 2C) and limited the flexibility of 4-n-alkyl phenols with longer side chains. These substrates rotated in the plane of the benzene ring to fit in the binding pocket in PPO3.



In PPO4, the main interactions of phenol consisted of stacking with H57, H82 and H255 (Figure 2D). The interactions with H57 and H82 were weak. Substrates 2a–4a were shifted away from these residues during MD and only formed a well-defined π–π stacking with H255 (as shown for 4a in Figure 2E). F264 in PPO3 was replaced by a smaller G256 in PPO4 (Figure 2E,F) and by V in PPO1 and PPO2 [23]. This residue in PPO4 formed a hydrophobic interaction with the alkyl in 4a (Figure 2E) but did not restrain the ligand flexibility in the active site like in PPO3. V283 in PPO3 was substituted with a smaller A270 (not shown) in PPO4 (with P in PPO1 and PPO2). A286 in PPO3 was conserved in PPO4 as A273 (as well as in PPO1 and PPO2). The differences in the orientation of different 4-n-alkylphenols in PPO4 were thus even more significant than in PPO3—in the former the substrates not only rotated in the plane of the benzene ring but also in the normal to this plane (Figure 2F).



The affinity of PPO3 and PPO4 for their ligands was characterized by binding SP (standard precision) scores (Table 2). Lower scores correspond to a better binding and a higher affinity of the enzyme for the ligand.



The affinity of both isoenzymes for ligands with alkyl chains longer than ethyl generally decreased with chain length. Longer alkyl chains had no interaction partners on the binding site and they were exposed to bulk water (Figures S1 and S2). This also implied sterical limitations for ligand reorientation in the active site during the reaction. In PPO3, 3-methylphenol and 1a–4a were better bound than phenol, as determined for equilibrated complexes after 10–20 ns of MD simulations. However, PPO4 only bound 3-methylphenol and 2a better than phenol in the equilibrated complexes after 20 ns of MD simulations.



MD simulation and the docking of 3-methylphenol in the active sites of tyrosinases resulted in relatively low (favorable) binding scores. However, the equilibrium orientation of 3-methylphenol hydroxyl in PPO3 and PPO4 was different. While in PPO4 it was similar to 1a (Figure S3A), in PPO3 it changed due to the presence of a CH–π interaction between F264 and the methyl group of the substrate (ESI; Figure S3B) [26].



The binding score of 2-methylphenol rapidly increased during MD. In equilibrated conformation (after 20 ns), this ligand had a higher binding score in PPO3 than the majority of other tested ligands (Table 2). This was due to the ligand rotation in the active site, resulting in the methyl group being positioned close to one of the cofactor oxygens (Figure S4A,B). A hydrophobic group at this position hinders the participation of the cofactor and water in substrate deprotonation [25,27]. In PPO4 the score also increased during equilibration, so that this substrate was released from the active site very rapidly (Figure S4C in Supplementary Materials). It was probably only F264 (Figure 2A–C), which kept the ligand from leaving the active site in PPO3. This explained why the introduction of a hydrophobic group at C-2 in phenol was not accepted by the tyrosinases.



Thus alkylphenols with short to medium side chains were proposed as the best substrates by both the in vitro and in silico approach. In 3-methylphenol, however, the predicted affinity did not fully agree to the results of the “wet” experiments. This could be at least partly explained by the complexity of the tyrosinase from A. bisporus but also by the effect of other steps of the catalytic mechanism on the product formation. The crude tyrosinase is known to contain several isoenzymes; yet only two of them with known crystal structures were used for the modeling. In addition, the solubility of alkylphenols, which decreased with the side-chain length, must be taken into account. However, the differences between the calculations and experimental results were rather minor and the modeling/docking approach largely proved to be reliable.




3. Materials and Methods


3.1. Materials and Chemicals


Mushroom tyrosinase was purchased from Sigma Aldrich (Merck KGaA, Darmstadt, Germany) or prepared from A. bisporus fruiting bodies purchased at the local market. The protocol described by Romanovskaya [28] was slightly modified: Briefly, 250 g of mushroom was cut into small pieces and homogenized with 500 mL of cold distilled water containing 1% AASS and 0.2% benzoic acid (60 min, 4 °C). The extracted protein was precipitated with ammonium sulfate (75% of saturation), the precipitate was centrifuged at 4 °C, dissolved in 20 mL of 100 mM Na/Na phosphate buffer, pH 6.5 (buffer A) and stored on ice.



Chemicals were purchased from standard commercial sources (1a ≥ 99%, Sigma Aldrich; 1b ≥ 99%, Sigma Aldrich; 2a ≥ 97%, Alfa Aesar (Ward Hill, MA, USA); 2b ≥ 98%, Alfa Aesar; 3a ≥ 99%, Sigma Aldrich; 4a ≥ 98%, Alfa Aesar; 5a ≥ 98%, Alfa Aesar; 6a ≥ 98%, Sigma Aldrich; 7a ≥ 98%, Alfa Aesar and AASS ≥ 99% Carl Roth (Karlsruhe, Germany)).




3.2. Activity Assays


The tyrosinase assay described by Selinheimo et al. [29] was slightly modified: Briefly, an appropriate amount of tyrosinase was incubated with L-DOPA (15 mM) in buffer A at room temperature. One unit (U) of the tyrosinase activity was expressed as the amount of enzyme that formed 1 µmol of dopachrome (ε475 = 3400 M−1 cm−1) min−1. The laccase assay was performed as described previously [30]. Briefly, an appropriate amount of crude extract was incubated with diammonium 2,2′-azinobis[3-ethyl-2,3-dihydrobenzothiazole-6-sulphonate] (ABTS; 0.5 mM) in 100 mM Na acetate buffer, pH 4.5, at room temperature. One unit (U) of the laccase activity was expressed as the amount of enzyme that oxidized 1 µmol of ABTS (ε420 = 36,000 M−1 cm−1) min−1.




3.3. Biocatalyzed Reactions


3.3.1. Reactions on the Analytical Scale


The protocol described by Espín [10] was slightly modified: The reaction mixtures (total volume 0.5 mL in 1.5 mL Eppendorf tubes) consisted of 2.5 µmol of substrate, 15 µmol of AASS, 0.05 mL of methanol (MeOH) and HPLC-grade water. The mixture was preincubated at 30 °C with shaking (Thermomixer Compact Eppendorf (Hamburg, Germany), 850 rpm) for 5 min. The reaction was started by adding 0.04 U of the enzyme and the mixture was incubated under the same conditions. The reaction was terminated by adding 0.05 mL of 2 M HCl. MeOH (0.5 mL) was also added to samples withdrawn from the transformations of 4a–7a. The precipitated protein was removed by centrifugation and the supernatants were analyzed by HPLC or LC–MS (see below).




3.3.2. Reactions on the Preparative Scale


The preparative scale reactions were carried out analogously with modifications: The reaction mixture (160 mL) was divided into 50 mL Falcon tubes containing 20 mL of the reaction mixture each. The crude extract (Section 3.1.) was used instead of tyrosinase Sigma. After 3 h (1a), 4 h (2a) or 4.5 h (3a–5a) of incubation (Thermomixer Compact Eppendorf, 750 rpm), 2 mL of 2 M HCl was added into each tube and the mixture was centrifuged at 4 °C. The products were isolated and purified as described below.




3.3.3. Product Isolation


The pooled supernatants were extracted with ethyl acetate (3 × 150 mL). The organic fractions were dried with anhydrous Na2SO4, filtered and the solvent was removed at reduced pressure. All products were purified by low-pressure silica gel chromatography using a mobile phase consisting of toluene/acetone (8:2) and 1% of formic acid. The fractions were analyzed by TLC 60 F254 silica gel plates (Merck KGaA, Darmstadt, Germany) with the same mobile phase and the spots were visualized in UV light (254 nm). Selected fractions were analyzed by HPLC as described below. Fractions containing the product were pooled and concentrated under reduced pressure. Formic acid was removed by co-evaporating with water. The products were purified by preparative HPLC (see below).




3.3.4. Preparative HPLC


The purification of the products was performed using an isocratic preparative HPLC system (Shimadzu, Kyoto, Japan) consisting of an LC-8A delivery system, Rheodyne manual injection valve, FRC-10A fraction collector and SPD-20A UV detector connected to a CBM-20A control unit. Products were dissolved in 1 mL of MeOH and purified on an Asahipak GS-310 20F (300 mm × 20 mm) column (Showa Denko Europe, München, Germany) with a mobile phase consisting of 100% MeOH at a flow rate of 5 mL min−1. Fractions containing the products were pooled and the mobile phase was evaporated at reduced pressure.





3.4. Analytical Methods


3.4.1. Analytical HPLC


The HPLC system was a Shimadzu Prominence (CBM-20 LITE controller, DGU-20A3R degasser, LC-20AB solvent delivery system, MIXER SUS 20A HPLC mixer, SIL-20AHT autosampler, CTO-20AC column oven and SPD-M20A PDA detector; Shimadzu). Analysis proceeded on a Chromolith SpeedRod RP-18e (50 mm × 4.6 mm) column (Merck) with a mobile phase consisting of acetonitrile (MeCN), water and 0.1% H3PO4 at a flow rate of 2 mL min−1 and 34 °C. The MeCN concentration in the mobile phase was 20% for phenol and 1a, 30% for 2a and 3a, 40% for 4a and 5a and 50% for 6a and 7a (Table S1). The peak areas were read out at the local spectral maxima of the analytes (Table S1). Quantitation was performed using program Labsolutions WS—PDA Version 5 (Shimadzu).




3.4.2. LC–MS


The LC–MS system (Shimadzu) consisted of a DGU-20A3R degasser, LC-20AD solvent delivery system, SIL-20AC autosampler, CTO-10AS column oven, PDA detector SPD-M20A and LC-MS2020 detector. The products were analyzed using a Chromolith RP-C18 (100 mm × 3 mm) column (Merck KGaA, Darmstadt, Germany) at a flow rate of 0.4 mL min−1 in the gradient mode (mobile phase A: MeCN/water, 5/95, 0.1% formic acid; mobile phase B: MeCN/water, 80/20, 0.1% formic acid;% B 20, 60, 60 and 20 at 0, 3, 8 and 9 min, respectively). The MS detector parameters were as described previously [31]. Quantitation and molecular mass determination proceeded using the program Labsolutions Version 5.75 SP2 (Shimadzu).




3.4.3. NMR


Nuclear magnetic resonance (NMR) spectra of 1b–5b were recorded using a Bruker AVANCE III 400 MHz spectrometer (399.87 MHz for 1H and 100.55 MHz for 13C; Bruker BioSpin, Rheinstetten, Germany) equipped with the standard manufacturer’s software. The experiments (1H NMR, 13C NMR, gCOSY, 1H-13C gHSQC and 1H-13C gHMBC) were performed in MeOD at 30 °C. The residual signal of MeOD (δH 3.306 ppm and δC 49.05 ppm) was used as the internal standard.





3.5. Molecular Modeling and Ligand Docking


PDB structures of the crystallized A. bisporus tyrosinases PPO3 (2y9w; [23]) and PPO4 (4oua; [24]) were downloaded from the PDB database and used for MD simulations [32]. Water molecules in the active site were deleted from the structures in YASARA [33]. The C-terminal domain was deleted from the PPO3 structure. A structural alignment with the structure of the crystallized tyrosinase from Streptomyces castaneoglobisporus (1wx2) [34] in YASARA was used to add peroxide oxygen to the active sites of PPO3 and PPO4. The orientation of the cofactor was optimized by quantum mechanics/molecular mechanics (QM/MM) optimization with Qsite in Schrödinger [35], where the cofactor was included in QM and the protein in MM parts (DFT-B3LYP method, lacvp** basis set).



The ligand structures were downloaded from the PubChem database [36] and optimized in YASARA. The stability of the docking pose was validated using root-mean-square displacement (RMSD) values. Constant RMSD values for enzymes were achieved after molecular dynamics (MD) simulation times of 2 ns for most ligands (Figure S5A,C). Only PPO4 with phenol and 2-methylphenol exhibited a small increase in RMSD after a longer simulation time (20 ns). The most flexible regions are depicted with time averaged structures using the estimation of their B-factors (Figure S5B,D). The observed flexibility did not interfere with ligand binding, as it was only found in the loop regions.



The binding of ligands in active sites was characterized using the Glide SP scores according to a flexible ligand docking protocol (Schrödinger, LLC). The best-scored poses with orientation similar to tropolone (2-hydroxy-2,4,6-cycloheptatrien-1-one; inhibitor of tyrosinase) in the active site of PPO3 were selected and used for MD simulations in YASARA. Ligands were parameterized using the AutoSMILES algorithm. The MD simulation parameters were as follows: TIP3 water, NPT ensemble, long-range electrostatic interactions calculated using the Particle Mesh Ewald algorithm and periodic boundary conditions. Weak restraints were applied on the Cu2O22+ complex to keep the cofactor in the active site. The enzyme–ligand complexes after MD simulations were analyzed with YASARA macros and visualized in YASARA, Visual Molecular Dynamics (VMD; [37]) and Xmgrace [38].





4. Conclusions


This study demonstrated the usefulness of mushroom tyrosinase for the ortho-hydroxylation of 4-n-alkylphenols with various side-chain lengths. The presence of the reducing agent (here AASS) was essential for the conversion of the hypothesized intermediate, ortho-quinone, into the required catechol product. Thus, transformations of all phenols examined (with up to n-heptyl side chain) were feasible on the analytical scale. Phenols with up to n-pentyl side chain (1a–5a) were transformed at the preparative scale; transformations of substrates 6a–7a require some further optimization. The transformation of phenols to catechols with a cheap catalyst means a significant valorization of the starting material, as the prices of the products are much higher than those of the substrates (e.g., 380 EUR for 5 g of product 2b and 60 EUR for 250 g of substrate 2a; VWRTM; https://cz.vwr.com; accessed on 8.8.2020). This proposed reaction and product purification protocol would serve to prepare alkylcatechols for antiradical scavenging tests and biological tests at reasonable costs and suitable purities. It is justified to expect that the side-chain length will influence the biological properties of the compounds as, e.g., in the derivatives of hydroxytyrosol or dihydrocaffeic acid (antiviral agents) [1]. The use of the selected compounds as nature-identical additives in functional foods (e.g., compounds 1b, 2b), potential nutraceuticals or pharmaceuticals may be envisaged. The computational approach will enable us to predict, with some degree of certainty, the tyrosinase activities for other phenol substrates, which may be also used as starting materials for the preparation of high-added-valued building blocks for organic synthesis.
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Appendix A


Appendix A.1. 1 H and 13C NMR Spectrum of the Products
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Figure A1. 4-methylcatechol (1b). 1H NMR (399.87 MHz, DMSO-d6, 30 °C): 2.108 (3H, dd, J = 0.7, 0.5 Hz, H-1‘), 6.388 (1H, ddq, J = 7.9, 2.1, 0.7 Hz, H-6), 6.547 (1H, dq, J = 2.1, 0.5 Hz, H-2), 6.598 (1H, d, J = 7.9 Hz, H-5), 8.556 (2H, br s, 3,4-OH). 13C NMR (100.55 MHz for, DMSO-d6, 30 °C): 20.31 (C-1′), 115.45 (C-5), 116.40 (C-2), 119.49 (C-6), 127.92 (C-1), 142.83 (C-4), 144.96 (C-3). 
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Figure A2. 4-ethylcatechol (2b). 1H NMR (399.87 MHz, DMSO-d6, 30 °C): 1.092 (3H, t, J = 7.6 Hz, H-2‘), 2.408 (2H, q, J = 7.6 Hz, H-1‘), 6.418 (1H, dd, J = 8.0, 2.1 Hz, H-6), 6.553 (1H, d, J = 2.1 Hz, H-2), 6.610 (1H, d, J = 8.0 Hz, H-5); 3,4-OH not detected. 13C NMR (100.55 MHz, DMSO-d6, 30 °C): 15.85 (C-2′), 27.45 (C-1′), 115.11 (C-2), 115.39 (C-5), 118.15 (C-6), 134.57 (C-1), 142.99 (C-4), 144.95 (C-3). 
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Figure A3. 4-n-propylcatechol (3b).1H NMR (399.87 MHz, DMSO-d6, 30 °C): 0.855 (3H, t, J = 7.3 Hz, H-3‘), 1.502 (2H, m, H-2′), 2.363 (2H, m, H-1′), 6.409 (1H, dd, J = 8.0, 2.1 Hz, H-6), 6.562 (1H, d, J = 2.1 Hz, H-2), 6.627 (1H, d, J = 8.0 Hz, H-5); 3,4-OH not detected. 13C NMR (100.55 MHz, DMSO-d6, 30 °C): 13.55 (C-3′), 24.24 (C-2′), 36.66 (C-1′), 115.33 (C-5), 115.67 (C-2), 118.83 (C-6), 132.91 (C-1), 143.03 (C-4), 144.88 (C-3). 
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[image: Catalysts 10 01077 g0a3]







[image: Catalysts 10 01077 g0a4 550] 





Figure A4. 4-n-butylcatechol (4b). 1H NMR (399.87 MHz, DMSO-d6, 30 °C): 0.873 (3H, t, J = 7.3 Hz, H-4′), 1.270 (2H, m, H-3′), 1.468 (2H, m, H-2′), 2.388 (2H, m, H-1′), 6.407 (1H, dd, J = 8.0, 2.1 Hz, H-6), 6.560 (1H, d, J = 2.1 Hz, H-2), 6.621 (1H, d, J = 8.0 Hz, H-5), 8.563 (2H, br s, 3,4-OH). 13C NMR (100.55 MHz, DMSO-d6, 30 °C): 13.73 (C-4′), 21.64 (C-3′), 33.37 (C-2′), 34.16 (C-1′), 115.34 (C-5), 115.61 (C-2), 118.76 (C-6), 133.09 (C-1), 142.98 (C-4), 144.89 (C-3). 
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Figure A5. 4-n-pentylcatechol (5b). 1H NMR (399.87 MHz, DMSO-d6, 30 °C): 0.850 (3H, m, J = 7.1 Hz, H-5′), 1.24H (2H, m, H-3′), 1.28H (2H, m, H-4′), 1.483 (2H, m, H-2′), 2.377 (2H, m, H-1′), 6.402 (1H, dd, J = 8.0, 2.1 Hz, H-6), 6.552 (1H, d, J = 2.1 Hz, H-2), 6.613 (1H, d, J = 8.0 Hz, H-5), 8.561 (2H, br s, 3,4-OH); H HSQC readout. 13C NMR (100.55 MHz, DMSO-d6, 30 °C): 13.83 (C-5′), 21.91 (C-4′), 30.79 (C-3′), 30.81 (C-2′), 34.42 (C-1′), 115.31 (C-5), 115.58 (C-2), 118.72 (C-6), 133.08 (C-1), 142.96 (C-4), 144.86 (C-3). 
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Appendix A.2. Effect of Substrate and Ascorbic Acid Concentrations on the Biocatalyzed Reactions


These effects were examined with 1a as the substrate on the 0.5 mL scale (Section 3.3.1). The initial conditions were set at 5 mM substrate and 30 mM AA in buffer A (Section 3.1). Buffer A was replaced with HPLC grade water and AA with AASS without compromising the conversions (87–89%) significantly. This was favorable for LC–MS analysis, buffer A (phosphate) interfering with LC–MS. Increasing substrate concentration from 5 to 10 mM decreased conversion from ca. 84% to 60%. The concentration of AASS (30–120 mM) did not exhibit a significant effect on the conversions of 5 mM or 10 mM substrate.




Appendix A.3. Effect of Cosolvents on Tyrosinase Activity and the Biocatalyzed Reactions


The design of the reactions also consisted of a preliminary cosolvent screening. The conversions of 1a were determined in the reaction mixtures (Section 3.3.1) with 40% (v/v) of various cosolvents after a 30 min reaction. The conversion decreased in order MeOH > EtOH > acetone > DMSO > isopropanol > MeCN (38%, 32%, 29%, 27%, 18% and 15%, respectively), while it was 39% in the standard assay with 10% MeOH. Analogous experiments were performed with the highly hydrophobic substrate 6a and some of the best cosolvents (MeOH and EtOH) but did not demonstrate any significant increase in the conversion of this substrate. Therefore, we conclude that the reactions of the highly hydrophobic n-alkylphenols must be further optimized by increasing the concentration of suitable water-miscible cosolvents (e.g., MeOH), or by testing water-immiscible cosolvents or ionic liquids.
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Scheme 1. Examples of natural and synthetic catechols with antioxidant or biological activities [1,2,3,4,5,6,7,8,9]. 
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Scheme 2. Proposed mechanism of the ortho-hydroxylation of 4-n-alkylphenols using tyrosinase and a reducing agent (AA) according to [10,13]; 1a, b: n = 0; 2a, b: n = 1; 3a, b: n = 2; 4a, b: n = 3; 5a, b: n = 4; 6a, b: n = 5; 7a,b: n = 6; AA: L-ascorbic acid, DAA: L-dehydroascorbic acid. 
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Figure 1. Tyrosinase-catalyzed reactions of 1a (5 mM) using (A) commercial tyrosinase or (B) crude tyrosinase with 30 mM L-ascorbic acid sodium salt (AASS). The concentrations (mM) of phenol 1a (∙), catechol 1b (▲) and AASS (0.1 × concentration; ■) were determined by HPLC. See Materials and Methods for details. 
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Figure 2. Models of active sites of tyrosinases PPO3 (upper line) and PPO4 (lower line) with docked (A,D) phenol and (B,E) 4-n-butylphenol (4a) after 10 ns of molecular dynamics (MD) simulations. Hydrogens are hidden and oxygen and copper atoms of the cofactor are shown as red and magenta balls, respectively. Amino acids within 3 Å of the ligands are shown; π–π interactions are depicted as red lines with the energy of the interaction (kcal/mol) labeled in red (lower energy means a stronger interaction); hydrophobic interactions are shown as cyan lines, connecting interacting groups; hydrogen bonds are shown as yellow dotted lines. (A,B,D,E) Ligands in the element color, ball and stick representation. (C) Overlay of ligand positions in the active site of PPO3 (phenol, magenta; 4a, element; 4-n-hexylphenol (6a), yellow). (F) Overlay of ligand positions in the active site of PPO4 (same legend). Additionally the relative orientation of 4a and F264 in PPO3 is shown in grey. 
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Table 1. Biocatalyzed transformations of 4-alkylphenols 1a–5a into 4-alkylcatechols 1b–5b.
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	Substrate
	logP 1
	Reaction Time [h]
	Product (Amount; Isolated Yield) 2





	4-methylphenol (1a)
	1.94
	3
	1b (45 mg; 45%)



	4-ethylphenol (2a)
	2.58
	4
	2b (65 mg; 59%)



	4-propylphenol (3a)
	3.20
	4.5
	3b (46 mg; 45%)



	4-butylphenol (4a)
	3.65
	4.5
	4b (34 mg; 28%)



	4-pentylphenol (5a)
	4.06
	4.5
	5b (15 mg; 10%)







1https://pubchem.ncbi.nlm.nih.gov (accessed on 17 August 2020); 2 Purified by low-pressure silica gel column chromatography followed by preparative HPLC (Materials and Methods).
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Table 2. Binding glide scores calculated for various ligands docked in the active sites of tyrosinases PPO3 and PPO4.






Table 2. Binding glide scores calculated for various ligands docked in the active sites of tyrosinases PPO3 and PPO4.





	
Enzyme

	
Ligand

	
Binding SP Score (kcal/mol)

	




	
Before MDS 1

	
After MDS




	
After 10 ns

	
After 20 ns






	
PPO3

	
phenol

	
−6.4

	
−5.359

	
−5.360




	
2-methylphenol

	
−6.477

	
−5.763

	
−5.150




	
3-methylphenol

	
−6.926

	
−5.943

	
−6.509




	
4-methylphenol (1a)

	
−6.880

	
−6.465

	
−6.245




	
4-ethylphenol (2a)

	
−6.188

	
−6.256

	
−6.533




	
4-propylphenol (3a)

	
−6.120

	
−6.02

	
−6.05




	
4-butylphenol (4a)

	
−5.719

	
−5.883

	
−5.999




	
4-pentylphenol (5a)

	
−5.337

	
−5.132

	
−5.079




	
4-hexylphenol (6a)

	
−5.394

	
−5.615

	
−5.251




	
4-heptylphenol (7a)

	
−5.451

	
−4.585

	
−4.359




	
PPO4

	
phenol

	
−5.407

	
−5.352

	
−5.33




	
2-methylphenol

	
−5.587

	
−4.097

	
n.a. 2




	
3-methylphenol

	
−5.532

	
−5.206

	
−5.493




	
4-methylphenol (1a)

	
−5.479

	
−5.218

	
−4.244




	
4-ethylphenol (2a)

	
−5.874

	
−5.816

	
−5.760




	
4-propylphenol (3a)

	
−5.303

	
−5.39

	
−4.88




	
4-butylphenol (4a)

	
−4.874

	
−4.732

	
−4.758




	
4-pentylphenol (5a)

	
−4.645

	
−4.410

	
−4.326




	
4-hexylphenol (6a)

	
−4.156

	
−4.24

	
−4.19




	
4-heptylphenol (7a)

	
−3.827

	
−4.198

	
−4.298








1 MDS = molecular dynamics simulation; 2 n.a. = not applicable.
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