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Abstract

:

Lignin is Nature’s major source of aromatic chemistry and is by many seen as the green entry-point alternative to the fossil-based chemical industry. Due to its chemically recalcitrant structure, the utilization of lignin is challenging, wherein enzymes might be the key to overcome this challenge. Here, we focus on the characterization of dye-decolorizing peroxidases from Streptomyces coelicolor A3(2) (ScDyPs) in the context of enzymatic modification of organosolv lignins from aspen and Miscanthus × giganteus. In this study, we show that the ScDyPB can remodel organosolv lignins from grassy biomass, leading to higher molecular weight species, while ScDyPAs can deconstruct hardwood lignin, leading to an overall reduction in its molecular weight. Additionally, we show that ScDyPB is effective in polymerizing low-molecular-weight phenolics, leading to their removal from the solution.
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1. Introduction


Lignocellulosic biomass (LCB) is Earth’s most abundant renewable raw material [1]. This sustainable feedstock makes an attractive alternative to fossil-based resources to obtain bio-based materials, second-generation biofuels, bioenergy, value-added products, and chemicals [2,3,4]. LCB comprises three biopolymers: cellulose, hemicellulose, and lignin, with a typical ratio of 4:3:3, which varies among different species [5,6].



Lignin represents the second most abundant natural polymer after cellulose and constitutes the most abundant phenolic biopolymer on Earth [7]. Therefore, lignin is by many seen as a green entry-point alternative to fossil-based sources for the chemical industry [8,9]. The content of lignin varies significantly among hardwoods, softwoods, and herbaceous plants, wherein the highest content of lignin is in softwoods and the lowest in grasses [10].



Lignin is constructed from three monolignols—coniferyl alcohol, sinapyl alcohol, and p-coumaryl alcohol—which differ by the degree of methoxylation. When incorporated into lignin, those monolignols make up guaiacyl (G), syringyl (S), and hydroxyphenyl (H) units, respectively (Figure 1) [7,11]. The composition and type of lignin depend on the plant type. While softwood lignins primarily comprise guaiacyl units (G-type lignin), hardwood lignins also contain syringyl units (G/S-type lignin). Lignins in grassy biomass are built up from all three sub-units and, in addition to the previous two, contain substantial amounts of hydroxyphenyl units (G/S/H-type lignin) [10,12].



Since monolignol coupling involves radicals, there are many possibilities for linkages between lignin monomers. These sub-units are primarily connected by ether and carbon-carbon linkages, wherein β-aryl ether (β-O-4) linkages are the most common ones in softwood and hardwood lignins, approximately 50% and 60%, respectively (Figure 1). C-C linkages are less common in hardwood than in softwood lignins, as the additional methoxy groups, chiefly in the S units, hamper the formation of these linkages [12,13].



In addition to the source of lignin, the composition and molecular weight depend on the extraction method [12]. Most of the technical lignins are obtained by recovery as an industrial by-product [14]. The pulp and paper industries are the primary producers of technical lignin generating 50–70 million tons annually [15]. In contrast to the more traditional Kraft process, organosolv pulping utilizes organic solvents to dissolve lignin from the biomass [12]. It is an potent method for biorefineries for the utilization of biomass from hard- and softwoods as well as from grasses [12,16,17]. Organosolv lignin is highly pure, homogeneous, sulfur-free, with low content of carbohydrates and ash, and has a low molecular weight and dispersity. It is highly similar to native lignin, containing fewer modifications, and has an increased number of aryl ether linkages. So far, this technology has only reached pilot and demonstration scale, and not the industrial scale, mainly due to the high cost of solvent recovery [6,12,18].



Approximately only 2% of industrial lignin leftovers are used for commercial products [4,19]. Instead of being a mere by-product, lignin could be a useful co-product to produce valuable chemicals, such as vanillin [20]. Structurally extensively modified technical lignins with rearranged structures hinder its depolymerization into smaller fragments, a crucial and critical step for lignin utilization [21,22].



In nature, lignin decomposition is accomplished by numerous organisms, such as white-, brown-, and soft-rot fungi [23], and several Gram-positive and Gram-negative bacteria, mostly Actinobacteria and Proteobacteria [24]. In addition to other Streptomycetes, Streptomyces coelicolor has been identified as a lignin-degrading bacterial species, which harbors genes responsible for the catabolism of naturally occurring phenolics [25].



Lignin degraders, in nature, employ sophisticated metabolic and enzyme systems to attack and depolymerize lignin. Lignin-modifying enzymes, the key enzymes in lignin depolymerization, are phenol oxidases (laccases, EC 1.10.3.2) and heme-containing peroxidases—lignin-modifying peroxidases (LMPs): lignin peroxidase (LiP, EC 1.11.1.14), manganese(-dependent) peroxidase (MnP, EC 1.11.1.13), and versatile peroxidase (VP, EC 1.11.1.16). LMPs are part of the fungal class II heme-containing peroxidases in the catalase-peroxidase superfamily. These three ligninolytic peroxidases share noticeably high sequence identity and similarities in their structure [26,27].



Dye-decolorizing peroxidases (DyPs) also belong to LMPs but are phylogenetically unrelated to other LMPs (LiP, MnP, and VP). These peroxidases have heme as the attached prosthetic group and require hydrogen peroxide as the co-substrate that is reduced to water during its catalytic cycle [28]. DyPs (EC 1.11.1.19), systematically reactive-blue-5: hydrogen-peroxide oxidoreductases, were first identified in the fungus Bjerkandera adusta (previously Geotrichum candidum 1 Dec) in 1999 [29], later in bacteria [26]. Because of their distinctive structural and catalytic characteristics, DyPs form a new group of heme peroxidases [30]. They were named based on their ability to degrade and decolorize anthraquinone and azo dyes, such as Reactive Blue 5 [29,31,32]. The substrate specificity of DyPs is broad; in addition to dyes, they also oxidize other typical peroxidase substrates such as 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) and 2,6-dimethoxyphenol (2,6-DMP) [26,33]. DyPs can oxidize phenolic [34] and non-phenolic lignin fragments without requiring a mediator [35,36].



According to the phylogenetic analysis of genomic sequences, DyPs have been classified into four sub-families in PeroxiBase. Sub-families A, B, and C contain predominately bacterial peroxidases, while sub-family D peroxidases are from fungi [37]. A newer classification was proposed in 2015, which divides DyPs into classes P (primitive, former class B), I (intermediate, former class A), and V (advanced, former classes C and D) [38]. DyP-type peroxidases are more or less considered bacterial counterparts to fungal LMPs [39]. The ability to decompose lignin has been identified from several DyPs. It includes peroxidases from fungi Auricularia auricula-judae [35], Irpex lacteus [40], and bacterial species such as Rhodococcus jostii [41], Thermobifida fusca [42], and Pseudomonas fluorescens [43]. S. coelicolor A3(2) genome was sequenced in 2002 [44] and has three genes encoding DyPs, two A-type DyPs and a B-type DyP. We hypothesize that this bacterium requires dye-decolorizing peroxidases to metabolize lignin.



Here, we cloned, expressed, and purified all three DyPs encoded by S. coelicolor A3(2). The H2O2-dependent activity of the enzymes were characterized using a soluble model substrate ABTS as well as water-insoluble organosolv lignins from Miscanthus × giganteus and aspen. The activity of DyPs on ABTS did not correlate with their ability in modifying lignin, a phenomenon that may reflect different pH optima observed with these two substrates. Furthermore, different DyPs had distinctly different effects in lignin modification. Treatment of lignins with type-A DyPs, ScDyP1A and ScDyP2A, resulted in depolymerization of lignin, whereas treatment with ScDyPB increased the molecular weight of lignin.




2. Materials and Methods


In order to conserve space, portions containing detailed information about the experiments can be found in the Supplementary Materials.



2.1. Gene Cloning


Genes encoding dye-decolorizing peroxidases (DyPs) (accession numbers: NP_626524.1, NP_628147.1, and NP_631251.1 for locus tags SCO2276 (ScDyP1A), SCO3963 (ScDyP2A), and SCO7193 (ScDyPB), respectively) were amplified from Streptomyces coelicolor A3(2) genomic DNA using the oligonucleotide primers with restriction endonuclease sites for NdeI and XhoI, respectively (Table S1). Plasmid DNAs were purified by alkaline lysis. The amplified genes (1263 bp, 1338 bp, and 951 bp for SCO2276, SCO3963, and SCO7193, respectively) were cloned into pET15b expression vector coding for an N-terminal His6-tag followed by thrombin protease site. Additionally, codon-optimized genes for SCO2276 and SCO3963 were obtained and pre-cloned into the pET28a expression vector (Twist Bioscience, San Francisco, CA, USA). Each clone (codon-optimized) carried the Kan resistance gene, N-terminal His6-tag, and thrombin cleavage site.




2.2. Overexpression


Recombinant ScDyPs were overproduced in E. coli BL21 (DE3) as His6-fusion proteins (without the N-terminal 40-amino acid putative twin-arginine translocation (Tat) signal peptides in the case of ScDyPAs). The overnight starter cultures were used for inoculation. The culture media (LB prepared in tap water) supplemented with antibiotics was incubated at 37 °C until the OD600 reached 0.6–0.8. The overexpression of recombinant protein was induced by 1 mM isopropyl-β-D-1-thiogalactopyranoside. The culture was grown overnight, at 30 °C and 180 rpm. The cells were harvested at 4000 g, 15 min, and 4 °C.




2.3. Purification


The harvested cells were resuspended in buffer A (20 mM Tris-HCl, pH 7.5, 0.5 M NaCl, 5 mM imidazole) and lysed using sonication (Bandelin Sonopuls, Bandelin GmbH & Co, Berlin, Germany) or high-pressure homogenization (EmulsifFex-C5, Avestin, Ottawa, ON, Canada). The lysed cells were centrifuged at 35,000 g for 1 h, at 4 °C. The supernatant was loaded onto the HisTrap FF column (GE Healthcare, Chicago, IL, USA). The column was washed with 10 column volumes (CV) of 10% buffer B (20 mM Tris-HCl, pH 7.5, 0.5 M NaCl, 0.5 M imidazole) to remove non-specifically bound proteins. The His6-tagged protein was eluted with the linear gradient of imidazole of 10 to 100% buffer B (20 CV). The fractions were analyzed with SDS-PAGE, and the protein of interest was pooled. His6-tag was cleaved by overnight incubation with thrombin (2 U per 1 mg protein) at 4 °C. The heme reconstitution was conducted with hemin (2-fold molar excess) at room temperature for 2 h using 20 mg/mL hemin (98%, porcine, Acros Organics, Fair Lawn, NJ, USA) dissolved in DMSO. The protein was exchanged to 20 mM Tris-HCl buffer (pH 7.5) containing 0.1 M NaCl (HiPrep 26/10 Desalting column) (GE Healthcare); the resulting protein fractions were pooled and concentrated using centrifugal filters with a molecular weight cutoff of 10 kDa (Sartorius, Göttingen, Germany). The protein was flash-frozen in liquid nitrogen and stored at −80 °C.




2.4. Determination of Enzyme Concentration


The total protein concentration was determined spectrophotometrically at 280 nm (UV-2700 UV-Visible Spectrophotometer, Shimadzu, Japan). The extinction coefficient ε280 nm values, calculated using the Expasy ProtParam tool (https://web.expasy.org/protparam/, accessed on 15 August 2022), were 51,450; 38,960; and 18,450 M−1cm−1, for ScDyP1A, ScDyP2A, and ScDyPB, respectively. To estimate the total protein concentration before heme reconstitution, the buffer was exchanged using ultrafiltration filters to prevent concentration overestimation due to imidazole absorption.



The amount of active enzyme (with heme in the active site) was calculated using characteristic absorbance at 406 nm (ε406 = 100,000 M−1 cm−1) for heme proteins [45]. The total and the active enzyme content was calculated before and after the reconstitution with hemin. The heme content of DyPs was evaluated by Reinheitszahl value (Rz, A406/A280). In all experiments, the enzymes were dosed based on the active enzyme concentration.




2.5. Enzyme Assays


All enzyme assays with ABTS (ChemCruzTM, Santa Cruz, CA, USA) were performed in triplicate using Shimadzu UV-2700 UV-Visible Spectrophotometer at room temperature (except for the investigation of temperature dependence). All measurements with 100 nM ScDyP1A, 50 nM ScDyP2A, or 15 nM ScDyPB were used. Oxidation of ABTS was carried out with 1 mM H2O2, and the formation of ABTS cation radical was measured at 420 nm (ε420 = 36,000 M−1 cm−1). A fresh stock solution of H2O2 was prepared daily before use. The stock of 2,6-DMP (Acros Organics, Fair Lawn, NJ, USA) was prepared in dimethylformamide. The oxidation of 2,6-DMP was measured at 470 nm (ε470 = 53,200 M−1 cm−1) [46]. Optimal pH and temperature dependence parameters were determined (Supplementary Materials). The data analysis was carried out using OriginPro 2021 software (OriginLab, Northampton, MA, USA).




2.6. Organosolv Extraction of Lignin


Ethanol organosolv lignin from bleached chemi-thermomechanical aspen pulp was extracted as described in Jõul et al., 2022 [16]. Ethanol organosolv lignin from Miscanthus × giganteus (Mxg-lignin) was provided by Stefan Bauer [17]. Klason analysis was conducted as described in Jõul et al., 2022 [16] to determine the total lignin content for aspen (86.8 ± 0.7%) and Mxg (85.0 ± 1.1%) lignins, respectively.




2.7. Enzymatic Treatment of Organosolv Lignins


Ethanol organosolv lignin suspension at 1 mg/mL in aqueous HEPES (Sigma-Aldrich, St. Louis, MO, USA), buffer (50 mM, pH 8.0) with added 2 mM H2O2 was treated with 10 μM of ScDyP1A, ScDyP2A, or ScDyPB, incubated for 24 h, at 28 °C. For turbidity, the reaction mixtures were agitated at 200 rpm. The reaction mixtures and controls were centrifuged, and the insoluble portions were lyophilized for storage. The supernatants were extracted with ethyl acetate for further analysis. The water-insoluble portions of lignin were analyzed via gel permeation chromatography (GPC) and water-soluble portions with gas chromatography-mass spectrometry (GC-MS).





3. Results


3.1. The Ensemble of DyP-Peroxidases of Streptomyces coelicolor


The genome of S. coelicolor A3(2) (Sc) carries three genes encoding for DyPs: two type-A DyPs, ScDyP1A (SCO2276) and ScDyP2A (SCO3963), and a type-B DyP, ScDyPB (SCO7193) with molecular weights of 45 kDa, 47 kDa, and 34 kDa, respectively. The three genes are located in three distinct loci on the single linear chromosome of S. coelicolor. Regarding the operonic context, it is not entirely clear what specific biological role ScDyPB might be involved with. However, in the case of ScDyP1A, the annotations of the neighboring genes in its operon suggest its role in iron homeostasis (i.e., iron permease, high-affinity iron-transporter, etc.). In contrast, in the case of ScDyP2A, the operon contains a putative prephenate dehydrogenase and an aminoacyl-tRNA synthetase, thus suggesting a role in the biosynthesis of aromatic amino acids, which is well aligned with lignin biochemistry (Table 1). The genes of ScDyP1A and ScDyP2A contain an N-terminal Tat secretion tag, suggesting a role outside of the cytosole, whereas ScDyPB lacks the secretion signal, suggesting a biochemical role inside the cell.




3.2. Production and Purification of Recombinant ScDyPs


ScDyPs were expressed as His-tagged fusion proteins in E. coli, purified, and the concentration of apo- and holo-enzymes determined using spectrophotometry. The ScDyPs showed the typical heme-peroxidase spectrum with a Soret band maxima at 408 nm, 405 nm and 401 nm for ScDyP1A, ScDyP2A, and ScDyPB, respectively (Figure S1). The heme content of peroxidases was evaluated by Rz value (Table 2). Before reconstitution with hemin, the highest heme content was observed with ScDyPB followed by ScDyP1A and ScDyP2A (Table 2). The reconstitution improved the proportion of holo-enzyme (Table 2)—1.7-fold for ScDyP1A and 2.2-fold for ScDyP2A—while for ScDyPB, the Rz ratio remained relatively the same. In order to tackle the low expression yields of ScDyPAs (about 1 mg of protein from 1 L culture) from plasmids containing inserts of PCR-amplified genomic DNA (i.e., 1 mg of protein for ScDyP1A/ScDyP2A from 1 L culture), synthetic genes that were codon-optimized for expression from an E. coli host, were obtained. The proteins were then expressed and purified, where ScDyP1A had an Rz value of 2.01 and ScDyP2A 2.02 before reconstitution with hemin. The reconstitution of DyPAs from the codon-optimized system with hemin did not show a particular effect, as the Rz values remained the same. The codon-optimization of genes considerably improved the protein expression yield for both ScDyP1A and ScDyP2A.




3.3. Biochemical Characterization


3.3.1. Optimal pH for ScDyPs


The pH dependency of the oxidation of ABTS is shown in Figure 2. ScDyP1A and ScDyP2A exhibited the highest activity at pH 3.5, while the optimal pH for ScDyPB was determined to be 3.0 (Figure 2). At pH 5.0, all ScDyPs showed almost no activity with ABTS. Contrary to ABTS, the oxidation of phenolic substrate (2,6-DMP) by ScDyP2A and ScDyPB had a pH optimum around 8.5 (data not shown). ScDyP1A did not catalyze the oxidation of 2,6-DMP.




3.3.2. Temperature Dependency


The temperature dependency on enzyme activity was measured at pH 3.5 using ABTS as the substrate. Peroxidase activity for all DyPs were at a decline or started decreasing already at 30 °C and decreased with further temperature increase (Figure 3).




3.3.3. Thermostability


To further estimate the temperature stability of ScDyPs, the enzyme solutions were incubated, at 30 °C, for 48 h, and at fixed time intervals, sample aliquots were withdrawn, and tested for activity. Within 2 h, ScDyP2A had lost most activity compared to other ScDyPs, approximately one-third (Figure 4). After 24 h, ScDyP1A and ScDyPB had lost ~20% of activity, and ScDyP2A had around half of its activity. ScDyP1A is the most thermoresistant ScDyP and had retained ~70% of its activity within 48 h, wherein ScDyP2A had lost ~70% of its activity.




3.3.4. Steady-State Kinetics


Steady-state kinetic measurements were conducted at pH 3.5, varying the concentration of ABTS and using 1 mM H2O2 as a co-substrate. All ScDyPs displayed non-Michaelis-Menten kinetics (Figure S2), and the results were analyzed using the equation accounting for substrate inhibition (Equation S1 in the Supplementary Materials). Kinetic parameters are summarized in Table 3. Highest kcat was measured with ScDyPB, followed by ScDyP2A and ScDyP1A. The ScDyPB had also the lowest apparent KM values for ABTS. Owing to its high kcat and low KM value, the ScDyPB had by far the highest catalytic efficiency (kcat/KM) in oxidation of ABTS (Table 3). All three DyPs are inhibited by increased substrate concentrations, wherein ScDyPB is more prone to inhibition by ABTS with a Ki of 0.4 mM (Table 3; Figure S2). 2,6-DMP was also tested as a substrate but proved to be a poor substrate for ScDyPs, especially for ScDyP1A, which did not oxidize this substrate (data not shown). However, the apparent specificities (kcat/KM) were approximately 140-fold lower for ScDyP2A (~0.1 mM−1·s−1) and approximately 200-fold lower for ScDyPB (~3.1 mM−1·s−1). Similarly, substrate inhibition was seen with 2,6-DMP (Figure S3).





3.4. Lignin Remodeling Activity of ScDyPs


3.4.1. Identification of Molecular Weight Distribution of Lignin Samples by GPC Analysis


GPC analysis was utilized to observe the changes in the relative size distribution of ScDyPs-treated organosolv Mxg- and aspen lignins. Lignins were incubated in the presence of ScDyPs for 24 h, then centrifuged, and the pellets were lyophilized. For the GPC analysis, the lyophilized pellets were dissolved in THF, and the molecular weights of lignins were observed. The number-average molecular weight (Mn) of Mxg-lignin was 1509 Da, and the weight-average molecular weight (Mw) 2435 Da (Table 4).



At first, pH 3.5 was used for the lignin experiments, but the lignin treatment at acidic media did not show an effect. Acidic to alkaline pH ranges were tested for optimal lignin-remodeling activity, where a pH range of 7.5 to 8.5 was deemed the most active (data not shown). The treatment of Mxg-lignin with ScDyPB led to the polymerization of lignin polymer up to 19%. Similar behavior was seen with aspen lignin. The enzymatic treatment with ScDyPB caused the increase in lignin molecular weight, whereas ScDyPAs showed the ability to decrease the molecular weight of lignin. The Mn of Mxg organosolv lignin treated with ScDyP2A and with ScDyP1A remained the same as with untreated material. However, the Mw of aspen lignin after 24 h treatment with ScDyP2A decreased by approximately 20%. Similarly, a reduction in the average molecular weight of aspen lignin after ScDyP1A treatment could also be detected. The ĐM of Mxg-lignin fragments decreased from 1.61 to 1.57. The ĐM of aspen lignin decreased from 2.00 to 1.87 (ScDyPB), 1.80 (ScDyP2A), and 1.82 (ScDyP1A). According to these results, all three ScDyPs can remodel organosolv lignin, wherein the Mxg-lignin is a better substrate for ScDyPB and aspen lignin for ScDyPAs (Figure 5).




3.4.2. Identification of Low-Molecular-Weight Compounds in Lignin Samples by GC-MS Analysis


GC-MS analysis was used to determine the low-molecular-weight (LMW) compounds in lignin samples. The organosolv lignins were incubated with and without ScDyPs for 24 h and centrifuged; the supernatants were extracted with ethyl acetate, lyophilized, dissolved in methanol, and analyzed with GC-MS. According to the GC-MS results, the LMW proportion of Mxg-lignin contains mostly H-units, fewer G-units, and a small portion of S-units, wherein aspen lignin is in the most part composed of S-units, fewer G-units, and a minute proportion of H-units (based on the integrated peak area). The treatment of both lignins with ScDyPs decreased the amount of LMW compounds found in supernatants, where ScDyPB had the highest effect (Table 5).






4. Discussion


The purpose of this study was to characterize the full ensemble of DyP peroxidases from S. coelicolor A3(2), which consists of two A-type and one B-type DyP peroxidase in the context of enzymatic modification of organosolv lignins. The physiological roles of DyPs are unclear to date. It has been shown previously that some type-A DyPs are components of tripartite ferrous iron transporters and serve a role in iron uptake [47,48]. There are reports of DyPs functioning as deferrochelatases by releasing heme iron without tetrapyrrole degradation, such as EfeB (class A) from E. coli [49]. According to the operonic context, ScDyP1A might be a ferrous iron transport peroxidase. B-type DyPs are putative cytoplasmic enzymes indicating a function in intracellular metabolism [50]. However, the operonic context of ScDyPB does not hint at its specific role for S. coelicolor.



For the biochemical characterization, the three DyPs from S. coelicolor A3(2) were heterologously expressed and purified. The efficiency of heterologous expression of proteins is often hampered by differences in the codon usage between the organism of origin and the chosen host expression organism for a particular gene. In addition to differences in the abundance of specific tRNAs, the genome of S. coelicolor has 72% G + C content, when compared to that of about 51% of E. coli. [44,51]. Although the expression of ScDyPB yielded sufficient amounts of enzyme for further experiments (20 mg per liter culture), the expression of ScDyPAs resulted in roughly 20-fold less protein. Successful protein expression in E. coli as the host depends on several factors, such as the choice of the expression plasmid and the strain, the optimization of expression conditions, etc. [52,53]. However, codon usage seems to have the highest impact on obtaining high protein yields from recombinant expression [54]. It is also known that S. coelicolor has remarkably different codon usage profile than E. coli [55]. Codon optimization is often used to enhance the translation efficiency of a gene of interest [56]. It has been seen that codon-optimization results in an even 140-fold improvement of protein expression yield [57]. Here, the expression with codon-optimized genes enabled the production of higher quantities of protein when compared to the non-optimized construct, resulting in a 4-fold and 43-fold increase for ScDyP1A and ScDyP2A, respectively. Additionally, DyPs require heme as a prosthetic group for its catalytic activity [29]. Recombinant bacterial expression frequently produces heme-deficient proteins [58,59,60,61], which can be combated by supplementing the growth media with extra hemin during the expression [61]. Unfortunately, the heme transport systems of most E. coli strains cannot efficiently uptake hemin and depend on the diffusion through the cell membrane [60,61]. The Reinheitszahl (Rz) value (from German “purity number”), the ratio of absorbances (ASoret/A280), is used to obtain an estimate on the extent of heme incorporation into peroxidases. Prior to supplying the DyPs with additional hemin, Rz values of ScDyP1A and ScDyP2A were below one. The reconstitution improved the Rz values by approximately 2-fold for both ScDyPAs. The Rz values for ScDyPAs obtained from codon-optimized genes and ScDyPB were over two without any extra steps. The heme reconstitution after purification did not increase the Rz values of ScDyPAs obtained from codon-optimized genes and for ScDyPB. It is fathomable that the uptake kinetics of heme by DyPAs in vivo are affected by the differences in the speed of translation between the high G + C non-optimized vs. codon-optimized DyPA constructs. Although we have no direct evidence for it, it is possible that there may be minor differences in protein folding due to ribosome stalling which may also affect the heme uptake by the purified proteins in vitro.



Having obtained sufficient amounts of heme-reconstituted ScDyPs, we set out to determine their optimal working conditions (i.e., pH and temperature). DyP-type peroxidases have demonstrated a lower pH preference than classic heme peroxidases [29,62]. Typically, rather similar pH optima for ABTS and 2,6-DMP oxidation have been identified for DyPs. Previous studies of fungal and bacterial DyPs have reported that the optimum pH for ABTS and 2,6-DMP oxidation falls in the pH range of 3–5 [63,64,65]. Our results of ScDyPs were consistent with the past findings for ABTS. The optimum pH of ScDyPs for ABTS oxidation was determined in the range of 3–3.5, but in contrast, for phenolic 2,6-DMP oxidation, the optimum pH was 8.5. Chaplin et al., 2017 reported that the optimum pH for 2,6-DMP oxidation is 9.0 for DyPA from Streptomyces lividans [66]. This kind of phenomenon has also been seen in the case of laccases, where the enzymes catalyze the oxidation of ABTS better at pH 4, but the oxidation of 2,6-DMP at alkaline pH (7–9) [67,68].



It has been shown that enzymes isolated from extremophiles can tolerate more severe conditions, such as extremes in pH, temperature, salt concentration, etc., often required for industrial processes. For instance, the optimal temperature of A-type TcDyP from a thermophilic actinomycete Thermomonospora curvata was also 30 °C; however, 1 h incubation of TcDyP at 60 °C resulted in ~70% retained activity [69]. Since S. coelicolor is a mesophilic bacterium, it was expected that ScDyPs would show only modest resistance to elevated temperatures. ScDyPB showed the highest activity at 30 °C, and the activity of all ScDyPs decreased with the rising temperature. The activities of ScDyPAs decreased more rapidly at higher temperatures compared to ScDyPB. The relative activity of ScDyPB at 40 °C was 90%, but in contrast, ScDyPAs had retained only less than 20% of activity. Further, the stability of ScDyPs at 30 °C was determined (Figure 4). The thermostability of ScDyP2A was decreasing most rapidly and, within 48 h, had lost 70% of its activity. ScDyP1A was relatively stable for 48 h with residual activity of 70%. Min et al., 2015, had a novel observation where the optimum temperature of BsDyP was dependent on the substrates the residual activity was measured with [36]. Therefore, temperature dependency and thermostability results were only compared to those where ABTS was used for the measurements.



All three DyPs possessed different apparent specificities (kcat/KM) for ABTS, 5 mM−1·s−1, 14 mM−1·s−1, and 600 mM−1·s−1 for ScDyP1A, ScDyP2A, and ScDyPB, respectively. Like ScDyPs, the peroxidase activities are not comparable to C- and D-type DyPs and show much lower activities. Previously characterized DypA and DypB from Rhodococcus jostii RHA1, a Gram-positive soil bacteria, showed lower apparent specificities with ABTS than ScDyPs, approximately 2 mM−1·s−1 [41]. Substrate inhibition is a frequent phenomenon and occurs in roughly 25% of known enzymes [70]. Substrate inhibition was observed in case of all ScDyPs, with both substrates, wherein with ABTS, ScDyPA1 was inhibited the most and ScDyPB the least.



According to in silico analysis by Benslama et al., 2022, it was proposed that a DyP from S. coelicolor (ScDyP1A) has the potential to efficiently biodegrade lignin [71]. Lignin remodeling experiments with ScDyPs were conducted with organosolv lignins from aspen and Miscanthus × giganthus. The acidic conditions (pH 3.5) initially used in lignin remodeling experiments were unsuitable, most probably due to the aggregation of DyPs at lower pH. Additionally, alkaline pH was preferred due to the substantially increased solubility of lignin in alkaline media (deprotonation of phenolic OH-groups) [9]. A range of alkaline pHs was tested, and pH 8 was chosen as the most promising pH for lignin experiments.



GPC analysis determined that the enzymatic treatment of lignin decreased the dispersity—ĐM [72] for both lignins—indicating that lignin becomes more homogeneous due to treatment with ScDyPs. Neither of the A-type ScDyPs had an effect on the molecular weight distribution of Mxg-lignin, while ScDyPB did not affect the molecular weight distribution of aspen lignin. ScDyP2A had the highest effect on lignin, and Mw of aspen lignin was reduced by ~20%. Treating Mxg-lignin with ScDyPB led to lignin polymerization and led to the increase in the molecular weight of Mxg-lignin. This is a common problem, which is brought about by several condensation and polymerization routes, such as radical coupling, vinyl condensation, generation of reactive fragments involving polymerization, and reactive functional group-induced repolymerization reactions [73]. It has been observed that the success of lignin depolymerization is highly dependent on the nature of the lignin sample. In addition to the radical species generated, the ratio of phenolic/aliphatic OH-groups in lignin determines the fate of lignin [74]. A possible strategy to combat polymerization is to combine different enzymes. For instance, Rahmanpour et al., 2017, have identified an extracellular bacterial flavoenzyme that can prevent the repolymerization of lignin [75].



GC-MS analysis was used to analyze the supernatant of enzymatically treated or untreated lignins. Although this analysis does not determine the entire monolignol content of these lignin preparations, it was used to verify the main LMW compounds solely in the supernatant. According to GC-MS, the predominant LMW peak in Mxg-lignin belongs to an H-unit (p-Hydroxycinnamic acid ethyl ester), while in aspen lignin, the spectra is dominated mostly by S-units. Several monolignols in Mxg-lignin were α-ethoxylated, a distinctive feature of ethanol organosolv lignins [17]. The results from GC-MS analysis provide one possible explanation for the results obtained from GPC analysis—the tendency of aspen lignin to be depolymerized and Mxg-lignin to be (re)polymerized. As S-units have a higher degree of methoxylation, the steric hindrance decreases the probability of crosslinking, and therefore, the depolymerization of lignin is promoted compared to polymerization. It has been reported previously that DyPs can be applied to coupling phenolic monomers [76]. Here, we similarly observed that after the enzymatic treatment, the number of monolignols in the supernatant decreased drastically. This observation might be explained by (i) the loss of lignin solubility caused by the enzymatic treatment and (ii) the polymerization of LMW compounds of lignins remaining in the pellet fraction after centrifugation.




5. Conclusions


Streptomyces coelicolor A3(2) is a rich source of enzymes with high potential for a variety of biotechnological applications. In addition to an extensively studied small laccase, the genome of S. coelicolor also encodes for several lytic polysaccharide monooxygenases and glycosyl hydrolases, but also an ensemble of dye-decolorizing peroxidases—ScDyPs. Here, ScDyPs were characterized in the context of their possible biotechnological application as lignin modifying enzymes. Using ABTS as the model substrate, pH and temperature dependence as well as Michaelis–Menten kinetic parameters were determined. ScDyPB showed the highest rate of catalysis with ABTS compared to other ScDyPs. Lignin remodeling activity was demonstrated with ScDyPB, which polymerized grassy biomass derived organosolv lignin, and with ScDyPAs, which depolymerized hardwood derived organosolv lignin. In addition to that, we demonstrated that ScDyPB is an effective tool for the removal of water-soluble LMW phenolics.



Our results illustrate the relevance of ligninolytic enzyme characterization alongside characterization of lignin to understand and improve the enzymatic treatment techniques of lignin.
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Figure 1. Lignin monomers with potential branchpoints marked with a dashed line; a structure of a possible lignin fragment containing the β-O-4 aryl ether linkage. 
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Figure 2. Optimum pH of dye-decolorizing peroxidases of S. coelicolor toward oxidation of ABTS. Data are average values of three independent measurements. 
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Figure 3. The temperature dependency of ScDyPs. Peroxidase activity was measured at pH 3.5 (50 mM sodium citrate) using ABTS as substrate. 1 mM H2O2 was used as a co-substrate. Experiments were conducted in triplicate. 
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Figure 4. Thermostability of ScDyPs. The enzyme stocks were incubated in 50 mM sodium citrate (pH 3.5), at 30 °C. At selected times, the activities were measured using ABTS and 1 mM H2O2. Experiments were conducted in triplicate. 
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Figure 5. The characterization of lignin-remodeling activities of ScDyPs by GPC. Panel (A) Mxg-lignin, panel (B) aspen lignin. The treatment of Mxg-lignin with ScDyPB led to the polymerization of lignin polymer. The treatment of aspen lignin with ScDyPAs resulted in lignin depolymerization. 






Figure 5. The characterization of lignin-remodeling activities of ScDyPs by GPC. Panel (A) Mxg-lignin, panel (B) aspen lignin. The treatment of Mxg-lignin with ScDyPB led to the polymerization of lignin polymer. The treatment of aspen lignin with ScDyPAs resulted in lignin depolymerization.



[image: Energies 16 01557 g005]







[image: Table] 





Table 1. The annotations of DyP-type peroxidases of S. coelicolor A3(2) and their corresponding operon neighbors, as assigned in the public databases.
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	ScDyP
	Locus Tag
	Annotation 1





	ScDyPB
	SCO7193
	putative iron-dependent peroxidase



	
	SCO7192
	sigma factor



	
	SCO7194
	putative polysaccharide biosynthesis protein



	ScDyP1A
	SCO2276
	ferrous iron transport peroxidase



	
	SCO2272, SCO2274
	heme ABC transporter



	
	SCO2273
	hemin transport system permease



	
	SCO2275
	ferrous iron transport periplasmic protein



	
	SCO2277
	ferrous iron transport permease



	
	SCO2278
	hypothetical protein



	ScDyP2A 2
	SCO3963
	DyP-type peroxidase family protein



	
	SCO3971
	conserved hypothetical protein



	
	SCO3970
	Xaa-Pro aminopeptidase



	
	SCO3969
	possible ATP/GTP-binding protein



	
	SCO3968
	putative integral membrane protein



	
	SCO3967
	putative membrane protein



	
	SCO3966, SCO3965
	putative copper metallochaperone



	
	SCO3964
	copper transport protein



	
	SCO3962
	prephenate dehydratase



	
	SCO3961
	seryl-tRNA synthetase



	
	SCO3960
	hydrolase (HAD superfamily)







1 Annotation is based on JGI IMG/M and the SEED databases. 2 The operon for ScDyP2A is encoded on the complement strand.
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Table 2. Reinheitszahl values of ScDyPs before and after the heme reconstitution.
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	Rz Value
	ScDyP1A
	ScDyP2A
	ScDyPB
	ScDyP1A CO
	ScDyP2A CO





	Before reconstitution with hemin
	0.78 ± 0.02
	0.51 ± 0.02
	2.36 ± 0.04
	2.01 ± 0.11
	2.02 ± 0.01



	After reconstitution with hemin
	1.33 ± 0.08
	1.14 ± 0.02
	2.32 ± 0.07
	1.92 ± 0.03
	2.17 ± 0.03







CO Codon optimized genes for the expression out of E. coli BL21 (DE3).
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Table 3. Kinetic parameters for the oxidation of soluble model substrate ABTS by ScDyPs. Apparent steady-state kinetic parameters were measured at pH 3.5 using 1 mM H2O2 as a co-substrate. Data are average values of three independent measurements.
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	ScDyP1A
	ScDyP2A
	ScDyPB





	KM (mM)
	1.4 ± 0.15
	2.3 ± 0.9
	0.08 ± 0.02



	kcat (s−1)
	7.6 ± 1.1
	31.7 ± 14.6
	48.6 ± 5.7



	kcat/KM (mM−1·s−1)
	5.4 ± 0.2
	13.8 ± 1.3
	607 ± 95.2



	Ki (mM)
	4.3 ± 1.4
	1.6 ± 1.0
	0.4 ± 0.1
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Table 4. Mn, Mw, and the molar-mass dispersity (ĐM) of Mxg- (panel A) and aspen (panel B) ethanol organosolv lignins treated with ScDyPs determined by GPC analysis. Solutions containing lignins at 1 mg/mL in HEPES buffer (pH 8.0) and 2 mM H2O2 without enzymatic treatment, or treated with 10 μM enzyme were incubated for 24 h. Samples were centrifuged, pellets lyophilized and dissolved, and the lignins were analyzed using GPC.
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Mxg-Lignin

	
Aspen Lignin




	

	
Mn

	
Mw

	
ĐM

	
Mn

	
Mw

	
ĐM






	
Without enzyme

	
1509 ± 10

	
2435 ± 35

	
1.61

	
2772 ± 51

	
5533 ± 53

	
2.0




	
+ScDyP1A

	
1502 ± 8

	
2357 ± 26

	
1.57

	
2589 ± 12

	
4705 ± 72

	
1.82




	
+ScDyP2A

	
1489 ± 11

	
2332 ± 45

	
1.57

	
2429 ± 106

	
4371 ± 258

	
1.8




	
+ScDyPB

	
1856 ± 21

	
2921 ± 28

	
1.57

	
2994 ± 33

	
5607 ± 79

	
1.87
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Table 5. The most prominent LMW compounds found in Mxg-lignin (A) and aspen lignin (B), and the influence of ScDyPs treatment to the peak area reduction. The peak areas are represented in percentages where the result from the untreated sample is set to 100%, and the treated samples are defined as the percentage peak area left after the treatment.






Table 5. The most prominent LMW compounds found in Mxg-lignin (A) and aspen lignin (B), and the influence of ScDyPs treatment to the peak area reduction. The peak areas are represented in percentages where the result from the untreated sample is set to 100%, and the treated samples are defined as the percentage peak area left after the treatment.





	(A)

Unit
	Compound Name
	Without

Treatment
	ScDyP1A
	ScDyP2A
	ScDyPB





	H
	p-Hydroxycinnamic acid, ethyl ester
	100
	78
	78
	2



	G
	Ethyl (E)-ferulate
	100
	67
	75
	2



	G
	(E)-4-(3-Hydroxyprop-1-en-1-yl)-2-methoxyphenol
	100
	77
	69
	9



	G
	Glyceryl ferulate
	100
	87
	95
	nd *



	S
	trans-Sinapyl alcohol
	100
	63
	69
	5



	(B)

Unit
	Compound Name
	Without

Treatment
	ScDyP1A
	ScDyP2A
	ScDyPB



	S
	trans-Sinapyl alcohol
	100
	53
	55
	37



	G
	(E)-4-(3-Hydroxyprop-1-en-1-yl)-2-methoxyphenol
	100
	44
	52
	16



	S
	trans-Sinapaldehyde
	100
	64
	68
	53



	G
	Butyrovanillone
	100
	92
	73
	nd *



	G
	2-Propanone, 1-hydroxy-3-(4-hydroxy-3-methoxyphenyl)-
	100
	nd *
	nd *
	nd *







* not detected.
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